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1. Abstract 
 
We live in a changing world. People’s actions have an impact in society as well as 
leaving a strong footprint on the environment, so much that we have come to name 
this era the Anthropocene. Data synthesis across disciplines can advance our under-
standing of how socio-ecological systems work and provide foundations to develop 
intervention programs to tackle the detrimental aspects of global change, such as loss 
of ecosystem services and biodiversity and reduced well-being. The aim of this doc-
toral thesis is to explore different ways of performing such integration, quantitatively 
(by determining the strength of effects) and qualitatively (through conceptualizations 
and literature reviews). 
In the first chapter, I develop a conceptual framework on how people’s under-
standing of biodiversity develops, linked to how the concept of diversity develops. Few 
studies have looked into the effects of early experiences, such as children’s games, or 
otherwise everyday experiences, such as food-related activities, on how the under-
standing of the concept of biodiversity is formed. I synthesized opinions from a group 
of researchers from social and natural sciences, performed a literature review and de-
veloped a conceptualization of the learning of biodiversity stages. I suggest that eve-
ryday experiences could be relevant on how scientific misconceptions about biodiver-
sity develop and call for further research in this direction. 
In the second chapter, I report results from literature syntheses on the system of 
interactions between land-use change (e.g., for agriculture), biodiversity (species rich-
ness), productivity (biomass production) and human well-being (i.e. nutritional sta-
tus). Land-use change, understood as the intensification of traditional activities or 
conversion of native landscapes to production, showed a large negative effect on bio-
diversity and moderate negative effects on productivity. Land-use change understood 
as interventions to increase both biodiversity and productivity (mostly starting gar-
dens in semi-rural areas of least developed countries) showed a large positive effect 
on nutritional status (e.g., increasing vitamin profiles). Increasing plant species rich-
ness showed a large, positive effect on productivity. The overall network of effects 
constructed through these meta-analyses suggests feedbacks between variables that 
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are relevant to understanding how the system works holistically (e.g., why nutritional 
status does not always increase with interventions aimed at increasing productivity 
but not biodiversity). In the conclusions of this chapter, I suggest new working hypoth-
eses for the specific interactions but also challenges encountered on data reporting 
and sharing. 
In the third chapter, I used a system of variables that describes how competition 
for resources (nutrients and light), coupled with changes in biodiversity and biomass, 
determine the observed structure of plant communities. To synthesize the literature, 
I wrote down all hypotheses that have been tested about the direction and strength 
of the effects between these variables. Results showed that the five most tested hy-
potheses for this system were the least complex ones, and overall not the ones that 
were considered by conceptual and theoretical studies to be most representative for 
natural systems. With a conservative approach (i.e. without breaking down these hy-
potheses in their component pairwise interactions), these hypotheses were consid-
ered too different to be combined together in one quantitative analysis, yet none of 
these hypotheses has been independently tested often enough to support a robust 
statistical synthesis. 
Overall, this thesis shows the high value but also the great challenges that we face 
when working interdisciplinary, across scales, and with multiple variables of complex 
socio-ecological systems. The value of this integration lies mainly in that it deals with 
that are more representative of how natural systems work. Integrative studies allow 
us to better understand the effects observed in nature and potentially could aid in 
tailoring our responses, in order to improve our human–nature relation and achieve 
sustainable development. The challenges include experimental design limitations, 
data reporting and data sharing issues, and lack of communication between working 
groups. These issues would need to be tackled within scientific communities as well 
as together with the rest of society, if we were to use research-synthesis tools such as 
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Zusammenfassung 
Wir leben in einer sich verändernden Welt. Unser Handeln wirkt sich auf die 
Gesellschaft aus und hinterlässt Spuren in der Umwelt. Deshalb wird diese Ära "das 
Anthropozän" genannt. Die disziplinübergreifende Datensynthese kann unser Ver-
ständnis der Funktionsweise von sozioökologischen Systemen verbessern. Sie kann 
auch Grundlagen für die Entwicklung von Programmen liefern, die die nachteiligen 
Aspekte des globalen Wandels abschwächen (z. B. Verlust der biologischen Vielfalt 
und vermindertes Wohlergehen). Das Ziel dieser Doktorarbeit ist es, verschiedene 
Wege zur Durchführung einer solchen Integration zu erforschen. Diese Integration 
kann quantitativ (durch Bestimmung der Stärke von Effekten) und qualitativ (durch 
Konzeptualisierungen und Literaturrecherchen) erfolgen. 
Im ersten Kapitel habe ich einen konzeptionellen Rahmen dafür entwickelt, 
wie sich das Verständnis der Menschen für die biologische Vielfalt zusammen mit dem 
Konzept der Vielfalt entwickelt. Nur wenige Studien haben sich mit der Rolle früher 
Erfahrungen befasst (z. B. Kinderspiele oder Aktivitäten im Zusammenhang mit Le-
bensmitteln). Ich fasste die Meinungen einer Gruppe von Forschenden aus den Sozial- 
und Naturwissenschaften sowie aus einer Literaturrecherche zusammen. Damit ent-
wickelte ich ein Konzept für Lernphasen der Biodiversität. Ich postuliere, dass alltägli-
che Erfahrungen relevant dafür sein könnten, wie sich wissenschaftliche Missver-
ständnisse über die biologische Vielfalt entwickeln. Hierzu sollten weitere Forschun-
gen durchgeführt werden. 
Im zweiten Kapitel habe ich eine Literaturrecherche zu diesem sozioökolo-
igschen System von Wechselwirkungen durchgeführt: Landnutzungsänderungen (z. B. 
in der Landwirtschaft), Biodiversität (Artenreichtum), Produktivität (Biomasseproduk-
tion) und Wohlbefinden der Menschen (d. H. Ernährungszustand). Landnutzungsän-
derungen, verstanden als die Intensivierung traditioneller Aktivitäten oder die Um-
stellung einheimischer Landschaften auf Produktion, wirkten sich stark negativ auf die 
biologische Vielfalt und mäßig negativ auf die Produktivität aus. Landnutzungsände-
rungen, die als Interventionen zur Steigerung der biologischen Vielfalt und Produkti-
vität verstanden werden (hauptsächlich als Anpflanzung von Gärten in ländlich ge-
prägten Gebieten der am wenigsten entwickelten Länder), zeigen einen stark 
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positiven Effekt auf den Ernährungszustand (z. B. Erhöhung der Vitaminprofile). Ein 
zunehmender Artenrecihtum von Pflanzen wirkte sich konsistent positiv auf die Pro-
duktivität aus. Die Ergebnisse dieser Studie legen nahe, dass es Rückkopplungen zwi-
schen Variablen geben kann. In den Schlussfolgerungen dieses Kapitels schlage ich 
neue Arbeitshypothesen für die spezifischen Wechselwirkungen vor. Ich nenne auch 
die Herausforderungen bei der Datenberichterstattung. 
Im dritten Kapitel beschäftigte ich mich mit dem Wettbewerb um Ressourcen 
(Nährstoffe und Licht), der zusammen mit Veränderungen der biologischen Vielfalt 
und der Biomasse die Struktur von Pflanzengemeinschaften bestimmt. Um die Litera-
tur zusammenzufassen, habe ich alle Hypothesen aufgeschrieben, die für dieses Sys-
tem getestet wurden. Die Ergebnisse zeigen, dass die fünf an den häufigsten geteste-
ten Hypothesen für dieses System die am wenigsten komplexen sind. Sie waren auch 
nicht diejenigen, die am meisten von theoretischen Studien für natürliche Systeme 
postuliert wurden. Bei einem konservativen Ansatz (ohne diese Hypothesen in ihre 
komponentenweise Wechselwirkung zu zerlegen) können verschiedene Hypothesen 
nicht in dieselbe quantitative Analyse einbezogen werden. 
Insgesamt zeigt die vorliegende Arbeit den hohen Stellenwert, aber auch die gro-
ßen Herausforderungen, denen wir uns stellen müssen, wenn wir interdisziplinär, 
maßstabsübergreifend und mit mehreren Variablen arbeiten. Der Wert dieser Integra-
tion besteht darin, dass Systeme mit diesen Merkmalen repräsentativer für die Natur 
sind. Integrative Studien ermöglichen es uns, sozioökologische Systeme besser zu ver-
stehen und eine nachhaltige Entwicklung zu erreichen. Die Herausforderungen umfas-
sen Probleme mit experimentellen Designs, unvollständige Datenberichte und man-
gelnde Kommunikation zwischen Arbeitsgruppen. Diese Fragen müssten sowohl in-
nerhalb der Wissenschaftsgemeinschaften als auch gemeinsam mit der übrigen Ge-
sellschaft angegangen werden. Dies wäre notwendig, um Forschungssynthesewerk-
zeuge wie die Metaanalyse in den Wissenschaften über den globalen Wandel zu ver-
wenden sowi zur Erreichung konkreter Lösungen für das Management sozioökologi-
scher Systeme
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2. General Introduction 
"Infinite diversity in infinite combinations…  
symbolizing the elements that create truth and beauty." 
(Spock-Nimoy, 1973) 
2.1 Background 
Think of an image that represents nature, to you. An image of a landscape, for 
example, that you would put next to a definition of nature in a dictionary. Perhaps an 
image of the beach or a tropical forest. Most likely that image includes living organ-
isms, i.e. biodiversity, and a functioning ecosystem, i.e. energy and nutrient flows. In 
most of current landscapes, there would be another component: a sign of human 
presence, that can be in the form of land-use modification, contamination, species 
exploitation, or other human alterations of the environment. For terrestrial ecosys-
tems, for example, only five percent of the land, mostly inaccessible and remote areas, 
remain undisturbed by human presence (Kennedy et al., 2019). We have modified our 
habitat so much, that the current time has been named by historians as Anthropocene, 
the time of humans (Lewis & Maslin, 2015). For the most part, environmental damage 
is unwanted; it is a collateral effect of development (Haigh & Griffiths, 2009), wars 
(Jarrett, 2003; Koppe, 2014), or ignorance of how natural systems work (Dovers et al., 
1996). In some cases, we have the power to restore the environment; in other cases 
we must adapt to the new situation (Javeline, 2014). But in all cases, knowledge on 
how the systems work is useful, together with the will and means to act according to 
that knowledge. Knowing how natural systems work and which is the strength and 
direction in which we are modifying them can help us better define more accurate 
response interventions and predict future plausible scenarios of changes (Cornell et 
al., 2013). 
Socio-ecological systems are networks of environmental, economic and social 
components (James et al., 2000). Considering interactions between these components 
in a holistic, systemic way is useful to study emerging properties of the system, such 
as fragility or resilience (Cretney, 2014; Petrosillo et al., 2006). Global change is a term 
used to describe the phenomena from anthropological and natural origins that modify 
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the socio-ecological systems over time. Conceptualizing socio-ecological systems (i.e. 
using causal networks to show the direction in which components interact) has been 
the aim of numerous efforts in the last decades, in particular in the framework of 
global change, pushed also by activists and policy makers in governmental and non-
governmental organizations (IPBES, 2019; MEA, 2005). This conceptualization could 
be, at times, a complex endeavor, given the number of components involved, direct 
and indirect impacts, and possible scales of analysis (Boons, 2013). But it is going one 
step further, from a concept to the quantification of effects, that provides the essen-
tial knowledge to develop and implement ecosystem management and interventions. 
For example, numerous in-depth studies on climate-change adaptation have ad-
vanced our idea on how ecosystems react under environmental change. Yet, without 
rigorous comparative quantitative analysis, there are too many uncertainties prevent-
ing us from using that knowledge to answer questions such as where and on what to 
direct climate investments (Biesbroek et al., 2017). 
An interesting emergent property of systems is the diversity of its elements. 
What does “diversity” mean and why is it relevant to study it? According to its etymol-
ogy, “diversity” comes from the Latin “divertere”, which means “turn aside” (synonym 
of avoid, deflect, deviate, diverge) (Oxford, 2019; Thesaurus, 2019). Perhaps this is 
why when we think of diversity, we often do so referring to the differences that enable 
us to separate things (people, species, objects), for example human diversity (Wood, 
2003). Through my explorations of the term diversity, I came to define it as a property 
of a group of elements, that refers to the subjective degrees of similarities/differences 
between elements, along dimensions or aspects of interest. And in this thesis, I use 
this term to look for ways in which ideas can complement and converge, and for com-
monalities that would facilitate integration in socio-ecological systems. 
Diversity has been found to be relevant in natural and social systems in order 
to maintain functionality of ecosystems, for resource management, evolution, adap-
tation and for governance (Becker & Ostrom, 1995; Leinster & Cobbold, 2011). This 
does not mean that more diversity should always be preferred or is needed for a sys-
tem to work; it may also lead to chaos or inefficiency (Page, 2011). But it has been 
found across disciplines such as economy, physics, and ecology that a lack of diversity 
is often a negative attribute for sustainability as it reduces the robustness of complex 
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systems against changes (Page, 2011). Hence the particular relevance of its study 
within global change sciences, was that the sustained function of systems over time is 
at stake. 
Diversity is a recurrent topic throughout my thesis; in the first chapter I study 
the diversity of understandings of biodiversity, in the second one the diversity of data 
in complex socio-ecological systems and in the final chapter, the diversity of hypothe-
ses about mechanisms that determine plant community structures. Furthermore, in 
all chapters biodiversity (short for biological diversity (Magurran, 2004)) is present as 
a relevant component. I am particularly interested in:  
a) how people form an understanding of what biodiversity is, 
b) how to use the diversity of studies available to determine the strength of 
effects in global change, and 
c) how scientists produce and work with a diversity of hypotheses to advance 
knowledge in ecology. 
a) Understanding Biodiversity 
Current challenges in global change sciences are tightly linked to sustainable de-
velopment (Reid et al., 2010). Climate change, land-use change/habitat loss, biodiver-
sity loss, nutrient depletion, to name a few, will severely alter the way we use natural 
resources through ecosystem services. They are expected to have detrimental impacts 
on development goals already in the next generation and primarily in least developed 
regions (McKie, 2013; Mendelsohn et al., 2006). Reframing scientific problems as so-
cial problems can catalyse responses, as well as including citizens in scientific explora-
tions (Bonney et al., 2015; Hackmann et al., 2014). But in order to do so, we must be 
able to communicate and translate scientific facts (Bracken et al., 2015). Untrained 
people may not necessarily see or understand the world in the same way as experi-
enced or academically educated people do (Buijs, 2009).  
There are multiple variables that influence our understanding of how the natural 
world works. It is in fact through early explorations of the world that we get first-hand 
knowledge of concepts like gravity, weather, or pain, and these experiences allow us 
to later associate complex concepts to them, through further experience and educa-
tional training (Johnston, 2005). Observational and experimental research in this di-
rection is lacking, but the few studies available, for example, on perceptions of 
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biodiversity, show that contexts such as background and nationality can affect the way 
in which we perceive levels of biodiversity (Campos et al., 2013; Lindemann-Matthies, 
2017; Lindemann-Matthies et al., 2013). 
b) Using data from diverse sources and disciplines for syntheses 
Integration of data and ideas in socio-ecological systems requires crossing bound-
aries and working closely with people from other disciplines (Barry & Born, 2013). For 
example, human–fire interaction in tropical forest is one of these systems where an 
interdisciplinary approach is required. The natural (the biomes that are prone to fire) 
and the human component (the attitudes, practices and interests of land users/own-
ers) of this system have usually been studied separately, often leading to misinterpre-
tations of causes and mechanisms (Carmenta et al., 2011). Nevertheless, within-disci-
pline studies are still important, as they advance knowledge on different aspects 
within a component; e.g., social, cultural, and economic aspects for social-sciences 
studies (Bowman et al., 2011) or climate, vegetation, and soil aspects for natural/earth 
sciences, and have the capacity to work at local scales or be detail-oriented (Dube, 
2009). However, exploring coupled human and natural systems within fire–human in-
teractions is what allowed researchers to do holistic conceptualizations, understand 
better the dynamics, feedbacks and subsystems, and develop more precise interven-
tions (Spies et al., 2014). 
c) Dealing with a diversity of hypotheses 
Knowledge in academic settings evolves through the production and testing of log-
ical hypotheses that intend to explain mechanisms, either from theoretical or ob-
served systems (Black, 1946). The production of hypotheses is generally seen as a cre-
ative procedure, although there are authors that would use a methodological ap-
proach to develop them (Flick et al., 2000). Testing hypotheses leads to individual 
studies, papers, reports, and data that are produced massively around the world. 
Given this diversity of studies, research syntheses are required so as to uncover gen-
eral patterns and identify knowledge gaps where more or different research is needed 
(Cooper & Hedges, 2009). There are a range of methods to connect individual sources 
of information (e.g., expert consultations, focus groups, meta-analysis, vote-count-
ing), usually categorized as qualitative or quantitative based on the nature of their 
data and outcomes, being descriptive/textual in the first one and numeric in the later 
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(Koricheva et al., 2013; Pullin et al., 2016). The type of research synthesis needed de-
pends on the question to be addressed, and generally it is recommended to use sev-
eral methods, given that they complement each other, for a broader view on how a 
system works (Flick et al., 2000; Pullin et al., 2016; Pullin & Stewart, 2006). 
 
2.2 Research justification 
The Millennium Ecosystem Assessment (MEA) was a major global environmen-
tal assessment of the United Nations, performed in years 2000-2005 (MEA, 2005). One 
of its main goals was to link human actions with biogeochemical processes, to describe 
its relations and sources of change, and to inform policy, given the direct relevance to 
humanity’s development. This assessment was followed by the International Panel on 
Climate Change and on Biodiversity and Ecosystem Services Panel and the Sustainable 
Development Goals (IPCC, IPBES, SDGs), which extended the focus to other species 
jeopardized by human action and put focus on the relevance of feedbacks between 
different human actions and ecosystem processes (CBD, 2018; IPBES, 2011, 2019). 
These international programs have in common that they promote research 
synthesis and raise awareness of the need to work inter- and trans-disciplinary. It is in 
this framework in which my doctoral thesis was planned, as an exploration between 
interacting groups of variables in global change sciences, to advance knowledge in 
global-change systems. I performed this exploration at different scales (local, regional, 
global) and with different methods (descriptive, meta-analysis, interdisciplinary per-
spectives) in order to determine challenges and benefits of each. For the sake of re-
producibility, quantitative analyses were the main target, when the available data 
would allow for them. To complement this effort, I also made use of semi-quantitative 
(e.g., vote counting), and descriptive methods, as well as discussions among experts. 
To my knowledge, there are currently no studies performing quantitative research 
synthesis between numerous variables from social, earth and natural sciences to-
gether, using published data from individual studies, despite the numerous policy 
frameworks that call for this type of integration and conceptual studies that have set 
a sound theoretical foundation (Bennett et al., 2015; Liu et al., 2015; Moon et al., 
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2014; Rudel, 2008; Steffen et al., 2015). Therefore, my efforts, although exploratory, 
are hopefully timely and useful to better understand global-change systems. 
 
2.3 General aims 
The overall aims of this thesis are to:  
- Build conceptual networks of variables across disciplines involved in global 
change science 
- Determine the strength of interactions between variables quantitatively 
and/or describe the dynamics of their relation qualitatively 
- Determine at which scales it is possible to respond to international calls for 
data integration in global change sciences by using published data from 
individual studies through meta-analysis 
- Inform the research community of particular outcomes of this integration, 
such as new working hypothesis that may be useful for further research 
- Enumerate challenges to data integration and suggest ways to overcome 
them. 
In each chapter of the thesis, I develop an integration of data or perspectives, using 
case studies represented in Figure 2.1 as networks of variables. Specific aims for 
each chapter are stated in Table 2.1. 
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Table 2.1: Questions and aims of the thesis per chapter 









How does the concept of biodiversity develop 
in people's minds? 
Review available literature that 
has addressed this topic and 
summarize key ideas  
Develop a conceptual framework 
on how biodiversity understand-
ing is formed 
What are the factors that affect our under-
standing of the concept of biodiversity? 
Explore situations outside formal 
science education which may 
contribute to the forming of mis-
conceptions on biodiversity 
What do researchers and lecturers from both 
social and natural sciences think about how 
people's understanding of biodiversity devel-
ops? 
Integrate different perspectives 
from researchers working biodi-










What is the strength of the interactions be-
tween multiple components of the global 
change system between land use change, bio-
diversity, productivity and nutritional status? 
Perform one or more meta-anal-
yses and reviews between com-
ponents of a global change sys-
tem 
Can this strength be quantified using pub-
lished studies from diverse sources? 
What are the advantages and challenges of 
performing systemic analyses with multiple 
components and inter-disciplinary? 
Describe the type of outcomes 
that can be obtained through 
data integration 
Find challenges to data integra-









What are the most tested hypotheses on 
competition for nutrition and light related to 
biodiversity and productivity in plant commu-
nities? 
Find in the literature all tested 
hypotheses for this system 
What is the difference between them? 
Look for commonalities, differ-
ences and group them by degree 
of compatibility 
Is it possible to find out which of the internal 
mechanisms of determination of the plant 
community structure is stronger? 
Perform one or more meta-anal-
yses with all available studies 
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3. Chapter 1 – Improving our understanding of biodiversity 
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3.1  Abstract 
How do people develop their understanding of the concept of biodiversity? Here we 
develop and present hypotheses about how the personal understanding of biodiversity is 
formed. We base our hypotheses on the theories of constructivism and conceptual change, 
from the field of education. We emphasize the potential relevance of extrinsic and circum-
stantial elements in shaping first a naïve, and then an expert understanding of biodiversity, 
and the relation between social and scientific understandings. We believe that our perspec-
tive facilitates the identification of sources of misconceptions, such as everyday experiences 
related to the concept of biodiversity.   
We discuss in more detail two everyday experiences, namely certain games we play 
as children and food related experiences (e.g., gardening, cooking). Based on an examination 
of a type of children’s game that often concerns biodiversity we hypothesize that the lan-
guage used to describe the game and the activity itself creates negative connotations regard-
ing biodiversity, allows little flexibility for dissent, and reduces recognition of variability 
among individuals. Secondly, we consider and discuss studies relating food activities with the 
construction of a biodiversity understanding. Food is one of the most intimate ways in which 
we interact with nature; we hypothesize that how and what people learn about food is rele-
vant in the construction of a deep understanding of the properties of biodiversity.  
Testing these hypotheses requires interdisciplinary research and will help prevent un-
intentional misrepresentation and misunderstanding of biodiversity, which could translate 
into greater alignment of people’s perceptions of the value of nature. 
 
Keywords: diversity, biodiversity attitudes, food experiences, children’s games, environmental ed-
ucation  




3.2  Introduction 
Biodiversity is defined as the variety and number of living organisms in the world or in 
a particular habitat, including humans (CBD, 2010; Magurran, 2004). The scientific consensus 
is that biodiversity plays an important role in keeping ecosystems functioning and able to 
adapt to change (Cardinale et al., 2012; Duffy, 2009). Although the concept of biodiversity has 
increased exponentially in popularity over the past 30 years (Liu, Zhang, & Hong, 2011), there 
is also much evidence that humanity’s collective actions continue to have negative conse-
quences on it (Díaz et al., 2015; IPBES, 2019; McGrath, 2019). A review of conflicts in conser-
vation sciences found that few biodiversity-human conflicts were related to lack of ecological 
information, compared to the greater number of conflicts related to the unwillingness of par-
ties to engage, unrealistic goals, disparities between global and local interests, lack of finan-
cial capacity, sensationalist media representations, and legislation-related issues (Redpath et 
al., 2013). Misunderstandings about biodiversity can hinder progress on species conservation 
(Buijs, Fischer, Rink, & Young, 2008). In this context, we develop hypotheses concerning how 
people develop their understanding of the concept of biodiversity, and the role of everyday 
activities in shaping this understanding? 
There are indications that our attitudes and actions towards biodiversity (and nature 
in general) are at least as dependent on the way we connect with it on a personal level as on 
the information derived from scientific research  (Fischer & Young, 2007; Kellert & Wilson, 
1993; Novacek, 2008; Schultz, 2002). We can identify biodiversity at a basic level with our 
bare senses because many aspects are easy to perceive through sounds, colours and shapes, 
an important asset for our survival (M. Oksanen & Pietarinen, 2004). It is then plausible that 
many experiences of diversity and biodiversity in our daily lives could be shaping the way we 
relate to it. A graphical representation of our understanding of the concept of diversity and 
further explanation on how we developed it can be found in the supplementary material (Fig. 
S1). The understanding of what is “more diverse” and why diversity may be valuable in a sys-
tem, may differ for people according each person’s background, interests, financial status, 
upbringing, education, experience and age, among other variables. These factors could be 
seen as “invisible membranes” that filter knowledge received (Roopnarine & Johnson, 2015).   
From a philosophical point of view, biodiversity is a complex concept to grasp and has 
even been referred to as an optical illusion (Koricheva, Siipi, Oksanen, & Pietarinen, 2004). 
Furthermore, there are competing values that may influence our understanding of 




biodiversity, e.g., conservation of a particular population or variety, domesticated species, 
charismatic wild species and ecosystems that provide a higher number of services. Biodiver-
sity from an anthropological perspective is a social construct in the same way diversity is a 
construct (Escobar, 2006; Meinard, Sylvain, & Bernhard, 2014; Qin, Muenjohn, & Chhetri, 
2013). We propose the hypothesis that many experiences of daily life activities that require a 
handling of the concept of diversity and biodiversity, such as playing games or choosing and 
cooking our own food, are relevant to how people form attitudes towards and concepts 
around (bio)diversity even when they might have been underestimated. 
The aim of this paper is to develop a perspective on how biodiversity understanding 
could be shaped by everyday experiences, to raise awareness of the current lack of research 
in this realm, and to present hypotheses that could promote dialogue and motivate research. 
With some specific examples, we propose research about ways to avoid accidentally causing 
misconceptions of (bio)diversity through these experiences. The perspective presented arose 
from interdisciplinary discussion between natural and social scientists, with expertise in bio-
diversity, global change, and education. We grounded our perspective in theories of construc-
tivism and conceptual change from the field of education (Dahl & Killen, 2018; Duit & Trea-
gust, 2003; Vosniadou, 2007).  We, the authors are largely WEIRD (western, educated, indus-
trialised, rich, democratic societies) (Henrich, Heine, & Norenzayan, 2010), and thus may have 
a narrower perspective that if we were more diverse. 
 
3.3  How do people learn new concepts? 
We explored the application of a constructivist approach in education (Piaget, 1953; 
Vosniadou, 2007; Vygotsky, 1978), to how the personal understanding of biodiversity is 
formed. In this learning theory, new knowledge is based on prior knowledge and is con-
structed through experiences and discoveries, according to their developmental stage (Pia-
get, 1953). Culture and language play an important role in how this process occurs and its 
outcome, through limiting the type of experiences that the learners are exposed to and 
through the impressions that the tutors imprint on the learning process (e.g., values, beliefs) 
(Vygotsky, 1978).  From these ideas emerges a conceptual model of the formation of different 
personal understandings (Figure 3.1) and this creates multiple possible conceptions of hu-
man-nature relationships (Figure 3.2) (Chen, 2017; Meinard et al., 2014).  




By conceptualizing how personal understanding of biodiversity is formed and how it 
relates to that of others, we aim to pave the path for future interdisciplinary research. This 
research could be oriented into identifying potential sources of misconceptions and contra-
dictory messages, for example, when social norms promote homogeneity in human groups, 
while natural sciences education teaches biodiversity as an added value of a system. A possi-
ble approach to these studies could be looking for direct and indirect links between everyday 
experiences and biodiversity understanding. We present and discuss two examples:  children 






















Fig. 3.1: A conceptual model of construction of the personal understanding of biodiversity. 
 
In this model, knowledge is constructed actively by the learner putting together available 
pieces of information and going through “invisible membranes” that shape that construction. 
During the exploration phase, the learner forges a naïve understanding of a topic. When ac-
cessed, further education and experience allow the learner to correct possible misconcep-
tions that may have occurred during the exploration phase (known as conceptual changes, 
i.e. note the position of the dark blue tile) and to go deeper into a topic, towards an expert 




understanding (i.e. adding more pieces of knowledge in the correct position to develop a big-














Fig. 3.2: A conceptual model of relations between scientific (academic) and social constructs of biodiversity. 
Green dots represent personal understandings of biodiversity; red dots represent personal understandings of 
diversity of elements (besides biological diversity). Understandings from experts are represented with bigger 
dots, and they can be within the green circle or outside (since those we consider to be experts, might not 
necessarily be correct). Understandings that are outside the green circle are “misunderstandings,” which are 
concepts derived from social explorations that do not coincide with scientific theories. 
 
3.4  Experiencing biodiversity through puzzles 
Games and puzzles are one of the first ways in which we are introduced to many con-
cepts in life (Brown & Freeman, 2001). Through playing and exploring, children instinctively 
build naïve explanations about how things work (based on experience, even without input 
from formal education). Games, puzzles, books and other media are informal sources of in-
formation that encourage interpretations about the biological world, consistent with the 
main beliefs of the mainstream culture (Geerdts, Van De Walle, & LoBue, 2016). Some of 
these "pre-scientific" conceptions stick with us despite formal education and are highly re-
sistant to change (Duit & Treagust, 2003). For example, misunderstandings about natural se-
lection, caused by over-simplification and interpretation of evolution as organisms’ “anthro-
pomorphic will to adapt” are widespread in initial education and hard to overcome even after 
lengthy higher education activities (Emmons, Lees, & Kelemen, 2018; Geerdts et al., 2016).  




Children’s picture books have been found to be relevant to how children understand 
the world around them, particularly regarding animals and plants (Ganea, Ma, & DeLoache, 
2011; Kelemen, Emmons, Seston Schillaci, & Ganea, 2014). However, less research has been 
done on the impact of children’s games and puzzles on this understanding. Naïve understand-
ings and conceptual changes (Duit & Treagust, 2003) in sciences have been explored thor-
oughly for concepts in mathematics, physics and in biological concepts like evolution - but not 
for biodiversity (Thompson, 2006). We wonder whether such early experiences might have 
large and long-lasting effects on our naïve understandings of (bio)diversity, its components 
and importance.  
One common children’s puzzle, often known as “Which one does not belong?”, en-
courages sorting of objects based on difference among them (Fig. 3.3).  
 
We examined this game in particular because the concept of diversity is clear (there 
is a group of objects that display some pattern of variation/difference in their properties) and 
because the player is required to identify something about and do something with that pat-
tern of variation. Using Google Search, with the terms “Which does not belong?”, we re-
trieved 102 puzzles from the first 300 images (after which the images became largely unre-
lated). We removed repeated images and ones with only text on them (Appendix 1). We 
Fig. 3.3: A typical preschool sorting puzzle, with the title “Watch out! Which one does not belong” 
accurately representing common descriptions of what the puzzle concerns. 




looked into three aspects of these puzzles: 1) Language used, 2) Categorization of elements 
into groups assigned as “correct” (flexibility in dissent), 3) Homogenization of variability (level 
of differences between individuals categorized with the same name) 
1) Language used in puzzles 
The majority of the puzzles used language that implied difference is a undesirable prop-
erty of an object – “Watch out! Which one does not belong”, “Cross out the picture that does 
not go with the rest”, “Select the one that does not fit”. We hypothesize that this could lead 
to a conceptual understanding that difference, and therefore diversity, in a group of objects 
is undesirable. We hypothesize that from the very earliest age the language of these puzzles 
creates the risk of development of a personal impression/understanding that being different 
is a negative attribute. This could be a misconception in general, and certainly is relative to 
understandings of the functional importance of biodiversity, in which biodiversity promotes 
ecosystem functioning and stability (Byrnes et al., 2014; Pennekamp et al., 2018). This is be-
cause being different can mean being complementary; things that fit and work together be-
cause they are different. What could be the title of these puzzles if they were aimed at creat-
ing an experience of differences more likely to result in a positive or neutral attitude towards 
them (e.g., which one is special/unique)? We hypothesise that simple changes in their titles 
and descriptions could fundamentally change players views of diversity and biodiversity.  
2) Categorization into “correct” groups  
An overwhelming majority of the puzzles only allowed one answer as “correct” (Table S1). 
Furthermore, the categories were made mostly based on structure or appearance of the ele-
ments, rather than function and advanced relations between elements (e.g., complementari-
ties). One goal of sorting elements in these puzzles is that the student learns categories of 
elements that are standard in society. There is some level of usefulness in being able to dis-
tinguish these elements for practical reasons, but we were surprised to see little connection 
being established between elements and by the lack invitation to rethink groups towards dif-
ferent functions. One could wonder how subjective the decision is for one or another cate-
gory. Furthermore, how hard is it later in life to advance from such simplified structures in 
order to understand a more complex world? 




3) Reduced variation and lumping 
The puzzles often exhibited little variability among objects of the same type; the most 
extreme case is similar to Group 4 in figure 1, when the same object is repeated several times 
with no differences between them. This is especially the case when the objects are organisms. 
For example, there are hundreds of types of pears (Pyrus sp.) known around the world (Bell, 
1991). We hypothesise that this over-simplification of organisms could be partially responsi-
ble for limited appreciation of biodiversity, due to internal idealizations that homogeneity is 
normal and desirable. The implications of such idealizations could be many, from misunder-
standings of the concept of biodiversity, to the loss of varieties and animals that we do not 
recognize as edible, “real” or “good”. In science too, underestimating variability within 
groups, focusing on species levels and removing “outliers”, has been the norm (Des Roches 
et al., 2018; Violle et al., 2012). More recently there is greater recognition and appreciation 
of the importance of differences among individuals of the same species as the basis of evolu-
tion, which derives an advantage by viewing diversity at a finer scale (Des Roches et al., 2018; 
Gugerli et al., 2008; Petchey & Gaston, 2002).  
Many of these games also encourage lumping, by which we mean putting different 
objects into the same category. Scientists studying biodiversity tend to do a lot of lumping. 
However, it is becoming clearer that in many situations, lumping creates unjustified, and po-
tentially dangerous perceptions. For example, a study of the potential effects of species ex-
tinctions on functional diversity concluded that “75% of the species could be lost before the 
disappearance of the first functional group” (Fonseca & Ganade, 2001). This percentage is 
arbitrary due to the subjectivity associated with assigning species to functional groups (Pet-
chey & Gaston, 2002). 
While lumping makes the world appear simpler and more understandable, it can have 
negative consequences such as being unwillingly subjected to biased classifications made by 
others (biased to a political view, for example), slowing progress (there is an inertia to change 
classifications that are established in a system) or limiting our creativity (Bowker & Leigh Star, 
1999). The sense of safety from reducing the complexities comes with an unrealistic view of 
the world (Voinov, Seppelt, Reis, Nabel, & Shokravi, 2014). We hypothesize that research into 
this compression of diversity into categories/groups/tribes of seemingly identical objects will 
reveal that it is generally unnecessary and undesirable. 




3.5   Experiencing biodiversity through food-related activities 
A common and particularly intimate experience of biodiversity comes through what we 
put in our mouths. Eating is an important connection with nature, from which we obtain a 
diversity of nutrients for our existence. There are indications that children establish priorities 
in biodiversity conservation based on the type of biodiversity to which they are exposed (Bal-
louard, Brischoux, & Bonnet, 2011). We therefore hypothesise that analogies between cook-
ing/eating and biodiversity theory could be used in education about biodiversity? Further-
more, we hypothesise that there is considerable potential to make more visible the biodiver-
sity present in our diets. Given the wide variety of food across cultures, such tools could be 
at the same time useful to do further research in comparing how different societies make 
associations, possibly having an influence in the way they understand and build attitudes to 
biodiversity.  
In Web of Science we searched using the terms: (“biodiversity” and “education” and (“eat-
ing” or “food”)). We found 431 papers, from which we selected the ones in journals of social 
sciences (298), because they focused on the educational aspects and were relevant to well-
being in relation to food-related activities, rather than to technical aspects of ecosystem man-
agement. We scanned through all titles, and found 69 that potentially analysed connections 
between understanding, education or learning of biodiversity and gardening, eating, agroe-
cology and food-related activities. The content of their Abstracts the revealed 37 articles in-
cluding study cases where the understanding of biodiversity (be it through experiences or in 
formal institutions) was linked to food-related practices (Appendix 3). 
The 37 articles represent a rich corpus of research on the importance of dietary diversity 
(Kant, Schatzkin, Harris, Ziegler, & Block, 1993; Taruvinga, Muchenje, & Mushunje, 2013) and 
numerous studies that link biodiversity education and conservation to different aspects of 
nutrition (Chipeniuk, 1995; Crist, Mora, & Engelman, 2017; Fischer et al., 2019). Research 
shows that getting involved with the local plants and animals that sustain us has a positive 
influence in children’s environmental attitudes and potentially helps them become better at 
making decisions regarding environmental management (Brewer, 2002). Even when those 
responses are not positive per se towards conservation, exposure to biodiversity helped stu-
dents make wiser decision, for example, regarding toxic-nontoxic plants (Prokop & 
Fančovičová, 2019). We hypothesise that the activities we develop around food may be rele-
vant to how our understanding of (bio)diversity is formed.  




Gardening was singled as particularly relevant in relation to biodiversity conservation; this 
is well aligned with current global challenges in food security and agriculture (FAO, 2019). 
Agricultural diversity is increasingly recognised as a means for achieving global Sustainable 
Development Goals (Bioversity International, 2014). However, staple crops have largely dis-
placed many traditional grains and even within them, the number of varieties of such crops 
in the global market is low (Bioversity International, 2014). Besides contributing to food se-
curity, growing our own food is beneficial for health and social bonding (Guitart, Pickering, & 
Byrne, 2014; Sempik, 2010), as well as being a practical class in biodiversity science. An expo-
sure to a diversity of seeds, has been shown efficient in increasing the willingness of small 
household farmers to increase biodiversity in their yards (Snapp et al., 2019).  
Education in sustainability and promoting community gardens are some ways of enhanc-
ing valuable experiences in this respect (e.g., family gardens “Schrebergarten” in Switzerland, 
Figure S3) (Millius, 2019). For example, including concepts of urban gardening and biodiverse 
foods in the school curriculum and menu, has shown to have the potential to bring positive 
results for children’s performance at school (e.g., Biodiverse Edible Schools, in Berlin (Fischer 
et al., 2019); the School Food revolution, in UK, North America and Ghana (Morgan & Sonnino, 
2008); Nature Club Programs, in China (Zhang, Zhao, & Chen, 2019)). Cultural traditions and 
socio-economically driven decisions affect the land use practices that directly modify land-
scape diversity, for example, in the man-made grasslands of Switzerland (Rudmann-Maurer, 
Weyand, Fischer, & Stöcklin, 2008) or the rice terraces of China (Wang, Zhang, Li, & Li, 2017). 
An interesting concept is that of Bio-Cultural Refugia, that highlights the connections between 
cultural practices, history of land management and biodiversity conservation (Barthel, Crum-
ley, & Svedin, 2013). However, more research is needed on the relationship between cultural 
diversity of urban residents and the biodiversity in urban gardens, which remains largely un-
explored (Botzat, Fischer, & Kowarik, 2016). Two possible directions for this research could 
be 1) developing analogies between cooking and biodiversity and 2) tracking diversity in our 
diets.  
1) Cooking and biodiversity science analogies 
Food fills our senses with a variety of colors, smells and textures; features derived from 
the intrinsic diversity of traits in the organisms we consume. Recipes are combinations of 
parts of different organisms that interact creating new elements of different value; a concrete 




analogy to the importance of species composition/combinations for phenomena such as eco-
logical coexistence and stability (de Mazancourt et al., 2013; Michel Loreau & de Mazancourt, 
2013). Because the food we make from recipes is more than the sum of its parts, putting a 
value on the contributions of each individual ingredient is difficult; this is analogous to the 
difficulties in isolating individual species contributions to ecosystem functioning (Lawton & 
Brown, 1994). For many recipes, diversity is a necessary requirement, but appropriate com-
binations and inclusion methods are also necessary; this is echoed in many biodiversity – eco-
system functioning experiments, in which diversity and composition are simultaneous im-
portant determinants of ecosystem functioning (de Mazancourt et al., 2013; M. Loreau, 
Naeem, & Inchausti, 2002; Spehn et al., 2005). Finally, more diverse ingredients do not nec-
essarily make a better final dish, the same as more biodiversity is not, per se, always better, 
for example diversity of pathogens. We hypothesize that these parallelisms between 
food/cooking and biodiversity can be exploited in education about biodiversity to ensure ap-
propriate and deep understanding of biodiversity. 
2) Tracking biodiversity in diet 
How can we better understand our experiences of diversity through food, and increase 
the visibility of local biodiversity? One option is to learn how to quantify the biodiversity in 
our diets and compare this through time and between people. We found in the literature no 
practical solutions to track the biodiversity in their diets that people could use regardless of 
their socio-economic status. We developed a table with the criteria that we consider relevant, 
so that it could be used independently or by educators, to strengthen people’s connection 
with the biodiversity in their everyday life (Fig. 3.4). 






Fig. 3.4. Example of a table that could help us analyse the biodiversity in our diets (Biodiversity and Global 
Change MOOC, University of Zurich). 
 
If we are not familiar with food diversity, it is possible that we will not understand how to 
protect its sources. In most of the developed world, the trend is for most people to be de-
tached from the resources they consume; there are few environmental sustainability consid-
erations when choosing their diets and there is a dietary delocalization, which is proven to be 
both environmentally damaging and unhealthy (Rose, Heller, & Roberto, 2019; van der Horst, 
Brunner, & Siegrist, 2011). Yet, it seems that many people yearn for contact with nature 
(Clark, Jones, & Reynolds, 2019). If we agree that food diversity is an important everyday ex-
perience shaping the understanding of (bio)diversity, then issues like food security and en-
suring every person has access, not only to food, but to a variety of locally sourced food, 
becomes even more relevant. The diversity in the food we eat has implications beyond nutri-
tion; it could shape the way we manage nature. We hypothesize that the lack of connection 
between the diversity in our diets and the natural world partially explains difficulties in un-
derstanding the concept of biodiversity? 
 
3.6  A call for more research into how biodiversity understanding is shaped 
In this article we have presented our perspective on how everyday experiences and 
practices could inadvertently shape personal understandings of biodiversity and provide 




numerous hypotheses that could be tested. We encourage people of all disciplines and back-
grounds to do more research into the impact of everyday experiences on our understanding 
of (bio)diversity. For example, we proposed that during the development of educational chil-
dren’s games, the potential negative consequences on the understanding of (bio)diversity 
should be considered. The reasoning behind classifying and sorting games is the development 
of goal-oriented behaviors (executive functions), such as working memory or mental flexibil-
ity and learning-related cognitive skills, such as math or reading (Ackerman & Friedman-
Krauss, 2017). We do not question the relevance of developing these skills, but we want to 
raise the hypothesis that such games may have unintended and potentially undesirable ef-
fects on how we understand (bio)diversity. It seems worth further exploring the effects that 
these games have on biodiversity understandings, for example by comparing such games with 
alternative ones that may include more appropriate connotations of diversity (e.g., Fig. S3). 
To understand the impact of games, collaborations between biodiversity scientists, education 
experts and games designers need to be developed and strengthened. Furthermore, we en-
courage more studies on the relationship between food experiences and people’s under-
standing of biodiversity, as we believe they have great potential to sow the seeds for dialogue, 
as has been shown by Barthel et al. (2013) (Barthel et al., 2013).  
It is important to note that we do not think that all experiences of biodiversity should 
be orchestrated to create only positive attitudes towards it. It is easy to find genuine experi-
ences of biodiversity that lead to positive attitudes (e.g., aesthetic value of diverse pastures), 
or to negative attitudes (e.g., human wildlife conflicts for land resources) (Schnegg & Kiaka, 
2018). However, align of people’s understandings with the scientific conclusion that more 
often than not biodiversity loss has negative consequences for ecosystems will likely require 
that other sources of their understandings are accounting and cared for. Our values and per-
ceptions can change and the great advances that we have made towards biodiversity conser-
vation in the last years, mostly at local levels, illustrate this (Pickrell, 2006; “Success stories, 
Nature for all,” 2019). We propose that these efforts should also be directed towards creating 
a more transparent, inclusive, and aligned social and scientific construct of biodiversity. 
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3.8 Supplementary material 
Appendix 1: Tables 
Table S3.1: Information on the images retrieved from google search using the terms “Which does not belong?”. Each image is one column 
and the numbers in the cells correspond to the number of puzzles per image (e.g., I1: Image 1).   
 
       Topic I1 I2 I3 I4 I5 I6 I7 I8 I9 I10 I11 I12 I13 I14 I15 I16 I17 I18 I19 I20 
Food or drink 
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Fig. S3.1: Graphical representation of the concept of diversity. The distance between unique elements within 
a group of inclusion is defined by the degree of similarity along several dimensions, arbitrarily used to charac-
terize them 
 
We use the following two points to conceptualize diversity:  
- understanding diversity implies understanding the unique aspects of elements, as 
much as the aspects shared with other elements (their degree of similarity), and  
- the concept of diversity is tightly linked with the concept of inclusion since we can 
only define a group of elements as diverse, when they are all part of that group. 
The degree of similarity between elements of a group depends on the type and number of 
dimensions in which we choose to describe it. Hence, characterizations of diversity will always 
show a reduced picture of the whole true diversity in the group. Which dimensions we choose 
should be done by agreement between all interested parties in describing this diversity, with 
an instrumental aim of doing so and the knowledge that it does not depict the entire  diversity 
of the group. The number and type of dimensions, the size of the group of inclusion, as well 
as the position within the space of the elements based on their unique characteristics is for 
most systems in the world arguable, subjective and can change over time.   




































Fig. S3.2: Example of how pears of different varieties, compared to the widespread representation of a pear in 
children’s books and games. 
Fig. S3.3: Goal-oriented alternative puzzles with multiple answers in which diversity is acknowledged and 
can be perceived as positive or neutral attributes of a system. 
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The transformation of land for human activities is a major global-change driver that 
affects biodiversity and ecosystem productivity and tightly relates to population well-being. 
Policy makers and practitioners require detailed quantitative information for holistic socio-
ecological systems, in order to tailor policies that tackle major challenges of our time: global 
change, biodiversity loss and poverty. In this paper, we propose a systemic approach to better 
understand the relationships occurring in the socio-ecological system between four intercon-
nected variables: land-use (LU), biodiversity (BD), net primary productivity (NPP) and nutri-
tional status of communities (NUT). This system contains sixteen possible effects of one vari-
able on another and each variable onto itself. 
Our exploratory analysis was done with a systematic literature search on each inter-
action. To be used in a meta-analysis, the direction of the effect should have been clear from 
the experimental design, and analyses and reported results should have included means of 
treatment and control, errors and number of observations, which is required to calculate a 
log response ratio as an effect size. We found sufficient studies with these characteristics for 
four of those relationships: (number of observations: LU->BD: 317, LU->NPP: 75, BD->NPP: 
29, LU->NUT: 15). On these we performed a meta-analysis to investigate overall effects and 
the influence of contextual variables modifying these effects. 
Results suggest that, on average: a) land-use change has large negative effects on bi-
odiversity (causing between 15% and 23% decline), b) land-use change has variable effects on 
productivity (between 22% decline and 1% increase), c) land-use change has overall positive 
effects on the nutritional status of communities, more than a 100% increase, but the estimate 
was possibly biased by the limited number of quantitative studies), and d) biodiversity in-
creases have a large positive effect on productivity (58% increase). We did not find studies 
addressing the effect of nutritional status changes on land-use change, but we found numer-
ous qualitative studies on how diet changes, a potential proxy for nutritional status, may 
change land-use practices (through consumer demands). Since we considered this link rele-
vant, we included a qualitative review on effects of diet shifts on land-use change, which 
overall suggests that education about nutrition and shifts to nutrition-sensitive agriculture 
could aid in reducing our environmental impact. 




For the quantitative analyses, we included the following contextual variables (modifi-
ers): type of land use (e.g., animal pasture, cropping), type of ecosystem (e.g., grassland, for-
est), and type of taxonomic group where biodiversity was measured (e.g., insects, mammals). 
In general, we found that the largest negative impacts on biodiversity were driven by animal 
pasture, on grasslands, and on invertebrates. However, some of these results may be biased 
by the availability of studies per activity, ecosystem and taxonomic group, which was uneven: 
the majority of animal-pasture studies were performed in forests and overall the studies were 
largely performed in grasslands.  
We identified challenges in data synthesis for interdisciplinary networks of variables 
such as lack of standardized measures (e.g., to define intensity of land use), ambiguous ter-
minology (e.g., various definitions for land-use practices and ecosystems), and incomplete 
reporting of data and their accuracy. Overall, this study highlights the potential of and chal-
lenges for systemic analysis to help understand complex socio-ecological systems as a means 
to better manage and predict changes in these systems. 
Keywords: global change; integration; data sharing; interdisciplinarity; socio-ecological systems 
 
4.2 Introduction 
Humanity faces a great number of global challenges: achieving sustainable development, 
reducing poverty, climate-change threats and loss of biodiversity, among others. For the past 
20 years, international organizations have successfully raised awareness on the importance 
of addressing these issues globally and in an interdisciplinary way (CBD, 2010; MEA, 2005). In 
parallel, scientific efforts have been oriented to identify and study socio-ecological systems 
that are affected by these challenges, generating substantial amounts of data (Tenopir et al., 
2011). 
Socio-ecological systems are complex by nature: there are many variables that interact 
with one another and feed back onto themselves at different spatial and temporal scales 
(Chapin et al., 2008; Liu et al., 2015; Wu, 2004). Furthermore, the view of the scientific com-
munity on how to approach these systems is not static; it evolves as more and deeper infor-
mation comes to light (Zuppinger-Dingley et al., 2017). Hence, there is a pressing need for 
periodic reviews and integrative analyses to help establish priorities, single out knowledge 




gaps and possibly make suggestions for a better management of socio-ecological systems un-
der global change. 
Global change is a term that refers to the group of processes from natural and anthropo-
genic origins that affect the Earth and possibly its capacity to sustain life (Steffen et al., 2005). 
The complexity of global-change phenomena requires developing suitable frameworks of 
study. In the present study, we used a framework adapted from the Millennium Ecosystem 
Assessment, in which global-change variables are classified in four compartments: drivers, 
biodiversity measurements, ecosystem variables, and well-being indicators (Fig. 4.1).  
 
 
Fig. 4.1: Classification of variables related to global change in four compartments. Adapted from the Millen-
nium Ecosystem Assessment (MEA, 2005) and the proposal for the University Research Priority Program 
Global Change and Biodiversity (URPP GCB, 2012). 
 
Global-change drivers are phenomena that have been identified to be key forces in 
shaping natural systems (Sala et al., 2000). Five of them have been singled out as the ones 
that require a most urgent response: climate change, invasive species, pollution, land-use 
change, and resource exploitation (CBD, 2010). Among these, climate change and land-use 
change are recurrent issues for policy and governance (Godfray & Garnett, 2014; Sala et al., 
2000). The effects of land-use change on biodiversity vary in magnitude and rate globally and 
are usually associated with biodiversity loss or shifts in biodiversity composition, which in turn 
may change ecosystem functioning (Laland & Boogert, 2010; Walther et al., 2002). Humans 
modify the land in order to increase productivity and human well-being. However, there is 




great uncertainty about the long-term outcomes of our interventions, both in terms of bio-
mass (productivity) and improvement of human well-being (Ramankutty et al., 2018; Saladini 
et al., 2018). 
The term ecosystem function/functioning is used in ecology when referring to the bi-
ogeochemical processes that occur at ecosystem level, although other alternative uses for the 
term function have often been employed in the literature (Jax & Setälä, 2005). Ecosystem 
variables that can affect human well-being have been defined as ecosystem services (see e.g. 
Balvanera et al. 2006). In the present study we refer to ecosystem variables when discussing 
biogeochemical processes such as primary productivity, decomposition, and nutrient cycling, 
separate from their role as ecosystem services (even when we acknowledge the connection 
between the two) (Kremen & Ostfeld, 2005; Spangenberg et al., 2014). From all the ecosystem 
variables defined, “net primary productivity” is arguably one of the most relevant ones, as it 
describes the energy, nutrient, and biomass flows that drive most other ecosystem processes 
(Chapin & Eviner, 2007). The main producers of biomass in terrestrial ecosystems are green 
plants, which are at the base of the trophic chains (Roy et al., 2001). Land-use change due to 
human activities such as agriculture, forestry, and urbanization, affect the global productivity 
of ecosystems, with further feedbacks on climate change and other global drivers (Lambin & 
Meyfroidt, 2011; Leng & Huang, 2017). 
In our framework (Fig. 4.1), biodiversity is singled out from ecosystem variables or 
processes, given its relevance as a feature across several if not all of them (Cardinale et al., 
2012; Flynn et al., 2011; Isbell et al., 2011). Several studies found that the multi-functionality 
of ecosystems requires higher levels of biodiversity than what can be found when studying 
variables in isolation, such as ecosystem productivity (Balvanera et al., 2006; Blüthgen & Klein, 
2011; Cardinale et al., 2012; Hector & Bagchi, 2007; Isbell et al., 2011; Lefcheck et al., 2015; 
Manning et al., 2018; Zavaleta et al., 2010). The relationship between the number of species 
in a system and its productivity has been the center a long debate in ecology: is biodiversity 
increasing, decreasing or not relevant to the level of productivity of a system? (Mittelbach et 
al., 2001; Waide et al., 1999). A recent review on the relation between biodiversity and 
productivity and competition for resources in plants sheds light on the large number of hy-
potheses that have been proposed, but also on how relatively few times they have been ex-
perimentally tested given the difficulty to establish the direction of causalities (Parreño et al., 
in preparation). Furthermore, human well-being has been linked with biodiversity, and the 




strength of this interaction has sometimes been quantified through socio-economic indexes, 
such as those targeting education levels or GDP, or through the provision of ecosystem ser-
vices (Naeem et al. 2016). 
Well-being indicators measure outcomes of land-use interventions in ecosystem man-
agement, often in relation to biodiversity change (Loreau et al. 2002, Naeem et al 2016). Im-
proving the nutritional status is a common aim in land-use programs such as those promoting 
nutritional education, food supplement, nutrition rehabilitation or improved agricultural pro-
duction (Fleuret & Fleuret, 1980). Even more, land-use programs that explicitly include health 
and nutrition as an endpoint are sometimes called nutrition-sensitive agriculture (NSA) (Allen 
et al., 2014; Maluf et al., 2015).  
Nevertheless, it is often difficult to measure effects of land-use change on nutritional 
status, given the multidimensional nature of the concept of “nutrition”, and to account for 
the various contextual variables such as natural phenomena (e.g., weather fluctuations and 
seasonality of crops) and societal aspects (cultural values) that simultaneously have direct 
and indirect effects on an observable outcome. For example, some studies highlight the role 
of crop diversification, gender issues and nutrition education as important modifiers that de-
termine the outcome of these projects in agriculture and nutrition (Cunningham et al., 2015; 
Wenhold et al., 2007). Others focus on the impact that the quality of landscape resources (soil 
nutrients, water) has on agricultural success and food security (Chakona & Shackleton, 2018; 
Mohsena et al., 2018). The multidisciplinary nature of the complex socio-ecological issue of 
food and nutrition security means that people used to working with different terminologies, 
from diverse academic backgrounds, and that usually take different approaches must sit to-
gether and agree on ways forward in research and practice (Hammond & Dubé, 2012). 
Quantitative reviews have a number of benefits over qualitative ones. A type of quan-
titative review, meta-analysis, has seen a rise in importance as a tool for systematic research 
in ecology for the past 20 years (Koricheva et al., 2013). Several authors have used meta-
analysis to address the particular relationships between variables of global change (Balvanera 
et al., 2006; Hooper et al., 2012; Paquette & Messier, 2011; Rustad et al., 2001). In contrast, 
there are not many studies that have taken into account relationships between variables of 
four compartments at the same time, despite its importance being stressed in policy 
documents. Understanding the effects between these variables is of relevance to making 
predictions on the evolution of socio-ecological systems under global change. 




In this context, we aim to answer the following questions: 
• What is the strength and direction of effects between land-use change, biodiversity, 
productivity and people’s nutritional status? 
• When it is not possible to perform a quantitative review: what is the type of 
conclusions that can be derived with available literature? 
4.3 Methods 
a) Definition of variables and relationships 
A list of the variables and sub-variables included in the present analysis is shown in 
Table 4.1. Detailed definitions can be found in the protocol and glossary (Appendix S3) (Note: 
all appendices, figures and tables with an S in front, are in the supplementary material). 
Table 4.1: List of variables included in the analysis of socio-ecological systems. 
 
Figure 4.2 shows a causal-loop diagram of a socio-ecological system, with all possible 
relationships between variables (a) and the ones finally explored (b). 
 
Compartment Variable group Variable 
Global-change drivers Land-use change Cropping, forestry, animal pasture, ag-
roforestry 
Indicators of well-being Nutritional status Vitamin A, vitamin C, anthropometric 
indexes 
Biodiversity Biodiversity measurements Species richness, evenness, Shannon in-
dex  
Ecosystem variables Primary productivity Primary productivity, biomass 




Fig. 4.2: Network diagrams for the socio-ecological system of interest. a) diagram of all 16 possible relation-
ships in the system, b) diagram of relationships analyzed in our study based on an exploratory literature 
search, numbered as presented in Methods and Results sections. 
 
b) Search strategies 
We developed a search strategy and protocol for literature acquisition through sys-
tematic review (Appendix S3). We used the search engine “Web of Science” and browsed in 
the titles, abstracts, and keywords of papers from the year 2000 onwards using keywords that 
related to each pairwise interaction of interest. The literature review was non-exhaustive, 
given that we wanted to perform an exploratory study of numerous variables within this sys-
tem. This means that not all of the papers we found were read for this particular study; we 
read until we found sufficient studies to perform a meta-analysis. We sorted the list of studies 
by relevance and read papers in order with the aim of reaching more than 30 quantitative 
observations/effects (the number of papers could be less because some contained multiple 
independent observations, e.g., different locations). However, this was not always possible, 
so we worked with available information. Initially, we explored the availability of literature 
for relationships in both directions (Fig. 4.2a). Then we focused on the ones for which we 
found enough papers with clear indications of causality between variables (Fig. 4.2b). A de-
tailed list of exclusion/inclusion criteria is provided in Appendix S3. 
c) Data extraction for meta-analyses 
First, we defined control and treatments for each interaction. We decided to split the 
dataset to increase the potential for comparison between studies and reduce heterogeneity 
in an already highly heterogeneous dataset (given the number of human activities taken into 
account). This decision was backed up by literature that found that the presence of human 




activities determining landscape structure, connectivity, and geo-morphology affects the dis-
tribution and richness of many species, by facilitating invasion or favoring competitor species 
conducing to population reductions or extinctions (Luther et al., 2008). Furthermore, disturb-
ances of landscapes can alter the dynamics of ecosystem processes (Turner, 2010). 
 
The list of controls and treatments per relationship are: 
• Land-use type effects on biodiversity or productivity (LUT->BD and LUT->NPP): 
control is a native patch of land and treatment is a human-modified patch (the 
separation is spatial, not temporal). 
• Land-use intensity effects on biodiversity or productivity (LUI->BD and LUI->NPP): 
there is a human activity in both control and treatment land patches but the one in 
the treatment is performed at higher intensity (the separation is spatial, not temporal; 
there are only two levels of intensity: control vs. high). Note: not to confuse with the 
modifier intensity which was designed to account for the different strength of 
intensity within the LUT or LUI treatments (i.e. excluding controls) and which varied 
from low to intermediate to high. 
• Biodiversity effects on productivity (BD->NPP): control is a plot of land with less 
biodiversity (fewer number of species present), and treatment is a plot with greater 
biodiversity. 
• Land-use alteration effects on nutritional status (LUA->NUT): control is a patch of 
land that is not native but is also not being used for a productive human activity (e.g., 
an abandoned garden). Treatment is a human activity aimed at increasing productivity 
and biodiversity (i.e., gardening for food in urban or semi-rural spaces). The control 
and treatment for land use are different based on the studies found (they were 
redefined after the literature search): we found no studies for this effect where land-
use activities were intensified. 
 
We built a dataset of means, errors, and number of observations for the response varia-
bles of each pairwise relationship, extracted from result sections or supplementary material 
of original publications or personal communication with authors. We did not use the slope of 
relationships in studies with gradients, since we aimed to use effect sizes that require means 




as an input (for example: Hedges’g – Standarized Mean Difference or log-response ratio). 
From studies that presented relationships with proof of causality (e.g., due to their manipu-
lative experimental design), we used the means and errors at the extreme points as if they 
had been discrete control and treatments. 
From each study we also extracted information about the following contextual variables 
to be used as modifiers, when available: type of study (observational field surveys or manip-
ulative experiments), type of land use within LUT or LUI, intensity of land use within LUT or 
LUI (with levels low, intermediate, and high according to the original authors, not available 
for all citations), type of ecosystem, and type of biodiversity (taxonomic group for which di-
versity was measured). 
d) Analyses 
We calculated an effect size for each study. We used the log-response ratio as measure 
of effect size (ln RR) for all studies using a control and treatments, as follows: 
 
• Land-use effects on biodiversity (LUI/LUT->BD):  
 
 
• Land-use effects on productivity (LUI/LUT->NPP):  
 
 
• Biodiversity effects on productivity (BD->NPP):  
 
 
• Land-use alteration on nutritional status (LUA->NUT):  
 
We removed those observations in which the variance tended to infinity (because sam-
pling variance was zero or due to lack of replication) (as recommended by Prof. Julia 
Koricheva, personal communication). The number of eliminated observations was: LUT->BD: 
13; LUI->BD: 2; LUT->NPP: none; LUI->NPP: 4; BD->NPP: none; LU->NUT: none). The weights 
for the effect sizes were calculated with the default option for the function rma.mv (metafor), 




which is based on the sampling variances of studies (Viechtbauer, 2010b). A correction for 
small sample sizes was performed on all effects, using the Delta Method (Lajeunesse, 2015). 
Firstly, we calculated an average effect size across studies, using meta-analysis. To control 
for non-independence caused by one citation reporting several studies, we ran a multilevel 
meta-analysis, using citation as a random effect (Koricheva & Gurevitch, 2014). We back-
transformed log ratios, and expressed them as percent of change in the response variable, 
for easier interpretation. We used 95% confidence intervals as error.  
Secondly, we examined the sources of between-study heterogeneity, using meta-regres-
sion with the contextual variables (from now on modifiers) extracted from studies, a) first in 
a model with multiple modifiers (and we evaluated different models), and then b) each mod-
ifier independently, so as to explore differences between levels (Borenstein et al., 2009). 
All analyses were performed with R Software (R Development Core Team, 2013). The cal-
culation of average effects and meta-regressions to test modifiers was performed with the 
metafor package (Viechtbauer, 2010a), whereas multiple comparisons between linear hy-
potheses were performed with multcomp package (Bretz et al., 2010). Plots were made with 
the forestplot package (Gordon & Lumley, 2019) and ggplot2 (Wickham, 2016). Publication 
bias was assessed with funnel plots, fail safe-n tests (Rosenthal, 1979) and Egger tests (Egger 
et al., 1997). Collinearity in the multiple regressions was assessed with the variance inflation 
factor (VIF) (Thompson et al., 2017). 
 
4.4 Results 
Structure of the results section 
The results section is structured in the following way: a) overview of network: summary of 
the outcomes for all relationships of the network (number of studies and average effects); 
b) detailed results per pairwise relationship: in-depth meta-analysis, including meta-regres-
sions with modifiers. 
a) Average effects in all relationships 
Table 4.2 and Figure 4.3 are summaries that show the average effects for all meta-anal-
yses performed. Effects are back-transformed for easy interpretation (e.g., land-use type 
caused a decline of 23% in biodiversity). The test for heterogeneity between citations was 
large and significant for all relationships. 




All effects were significant, except the one of land-use intensity (LUI) on productivity (due 
to large variance between citations). Land-use type and land-use intensity (LUI) had overall 
negative effects on biodiversity and productivity, whereas biodiversity increase had a positive 
effect on productivity and land-use alteration (LUA) had a large positive effect on nutrition. 
Table 4.2: Information on average effect size per relationship. Effect size is log ratio of means, back-trans-
formed with an exponential function and expressed in percentage of change. Significance: P<0.001 (***), P<0.01 
(**), P<0.05 (*), P>=0.05 (-). SE: Standard error, N studies: number of independent studies (and citations), Q: Q- 
heterogeneity test (i.e. measure for residual variation among citations; note that this residual variation may in 






effect (%) 95%CI 
Q(df=n-1) 
ln RR (Effect size) +/-SE,    
(ci.lb, ci.ub) 





-0.27 +/- 0.13 
(-41.07 to -0.33) (-0.53 to -0.003) 
Land-use intensity 
effect on Biodiversity 
218 (39) 
-15.81*** 
(-22.55 to -8.48) 
2237.65*** 
-0.17  +/-0.04 
(-0.25 to -0.09) 




(-54.26 to 123.96) 
6385.07*** 
0.012+/-0.405 
(-0.78 to 0.81) 
Land-use intensity 
effect on Productivity 
38 (6) 
-22.43** 
(-35.07 to -7.32) 
541.04*** 
-0.25+/-0.09 
(-0.43 to 0.08) 




(25.42 to 98.12) 
178.54*** 
0.45+/-0.12 
(0.23 to 0.68) 
Land-use alteration 




(119.76 to 169.71) 
356.94*** 
0.35 +/- 0.17 

















Fig. 4.3: Average size of each effect (+/- 95% CI). In parenthesis: number of studies and  citations. Significance 
codes for P-values: P<0.001 (***), P<0.01 (**), P<0.05 (*), P>=0.05 (ns). 




b) Detailed results per pairwise relationship 
b.1) LUT and LUI effects on biodiversity 
We found 8644 papers of which we read 753 and from those, 62 papers met our criteria 
for the meta-analysis (we included more than 30 papers to increase representation of a num-
ber of different land-use activities). These 62 citations reported an overall total of 352 effects. 
We separated the effects into the different land-use changes described in methods: 
• Land-use type dataset (LUT: human activity vs. “native”): 120 studies from 22 
citations, of which 13 studies had to be eliminated due to lack of sampling variance 
and one citation (with 8 studies) was eliminated because it was the only one with the 
taxonomic group fungi. Total: 99 studies from 21 citations. 
• Land-use intensity dataset (LUI; intensity of human activity high vs. low): 223 studies 
from 40 citations, from which two studies were eliminated due to lack of sampling 
variance and one citation (with three studies) was eliminated because it was the only 
one of agroforestry. Total: 218 studies from 39 citations. 
• There is no overlap of studies between databases. 
Land-use type showed an average negative effect on species richness of -23.35%, with a 
relatively large variance. Land-use intensity also showed an average negative effect on spe-
cies richness of -15.81%, with less variance than the land-use type dataset (Table 4.2). No 
evidence of publication bias was found for either dataset, using funnel plots, fail-safe n, and 
Egger tests (Fig 4.S1.1, Table 4.S2.1). 
For both datasets, a model fitting type of land use, type of ecosystem and taxonomic 
group of biodiversity as modifiers (in this sequence) showed that all of these modifiers could 
explain a significantly part of the heterogeneity between studies (Table 4.3 a, b). We did not 
fit the modifier intensity into the main model given the large amount of missing values (NA). 
Intensity of land use was analyzed separately in a subset of the dataset for which this infor-
mation was available.  
  




Table 4.3 (a, b): Anova-type tests for multivariate meta-analysis with sequentially added modifiers. (LTR: Log 
likelihood ratio between sequential models, the first one fitting the overall mean not shown in the table, df: 
degrees of freedom) 
 










We then explored each of these modifiers through simple meta-regressions. Note: some ci-
tations had studies across multiple types of land use, ecosystems and taxa, therefore the 
number of studies may not add up to the one for the summary. 
Meta-regressions for effects of different modifiers on effects of LUT or LUI on biodiversity 
Type of land-use activity 
First, we analyzed the influence of different types or intensities of land use (human activity) 
as modifiers in simple meta-regressions (Fig. 4.4a,b). 
• LUT: the effects of animal pasture, mixed activities, cropping and agroforestry were 
significant (P<0.05), with animal pasture having the greatest effect on biodiversity loss 
(more than 60% decline) (Fig. 4.4 a). Regarding non-significant trends, forestry showed 
a small but positive effect on biodiversity (+2%). Pairwise comparisons between land-
use types showed that the effects of mixed activities, cropping and agroforestry were 
not significantly different from each other (P>0.05), but significantly different from 
animal pasture and all those from forestry. 
• LUI: animal pasture and cropping showed the largest effects on biodiversity loss (more 
than 30% decline) (Fig 4b). Regarding non-significant trends, mixed activities and 
forestry showed a small negative effect on biodiversity (-2%). 
 
Term added to the model df LRT P-value 
Type of land-use 4 339.01 <0.0001 
Type of ecosystem 1 7.66 0.0057 
Taxonomic group 2 33.26 <0.0001 
Term added to the model df LRT P-value 
Type of land-use 3 114.67 <0.0001 
Type of ecosystem 2 53.4 <0.0001 
Taxonomic group 3 26.72 <0.0001 




























Fig. 4.4: Percent biodiversity change (+/- 95%-CI) in a) land-use type (LUT) and b) land-use intensity (LUI) da-
tasets, per activity type. (n: number of studies and citations, significance codes for P-values: P<0.001 (***), 
P<0.01 (**), P<0.05 (*), P>=0.05 (-), Diff: different letters indicating pairwise comparisons that are significant 
and P<0.05). Summary (average effect +/- 95%-CI) represented as a rhombus. 
Ecosystem 
The dataset on land-use type (LUT) has information for two ecosystems: forest and 
shrubland. When fitting ecosystem as a modifier, we found a significantly negative effect of 
LUT in forests (-26%, [CI -45; -1.9], P<0.05) but not in shrublands (-5.7%, [CI -49; 74], ns), yet 
the difference in the response between the two was not significant (Fig 4.5a). The dataset on 
land-use intensity (LUI) has observations in three ecosystems: grassland, forest and shrub-
land. When testing ecosystem as a sole modifier, results show a negative effect of LUI on all 
ecosystems, largest in grasslands (-44.59%, [CI -52.47, -35.40], P<0.05), then in shrublands (-
26.8, [CI -36.76, -15.27], P<0.05) and non-significant, but with larger variance, in forests (-
2.58, [CI -13.78, 10.06], ns) (Fig. 4.5b). 


































Fig. 4.5: Percent biodiversity change (+/- 95% CI) in a) land-use type (LUT) and b) land-use intensity (LUI) da-
tasets, per ecosystem. (n: number of studies and citations, significance codes for P-values: P<0.001 (***), 
P<0.01 (**), P<0.05 (*), P>=0.05 (-), Diff: different letters indicating pairwise comparisons that are significant 
and P<0.05). Summary (average effect +/- 95%-CI) represented as a rhombus. 
Taxonomic group 
The dataset on land-use type (LUT) has observations of effects on biodiversity of in-
vertebrates, vertebrates and plants. When fitting taxa as a modifier, we found a negative ef-
fect of LUT on invertebrate biodiversity, different from non-significant effects on vertebrate 
(positive) and plant biodiversity (negative) (Fig. 4.6a). There was a large variance in the effect 
on vertebrate and plants groups. The dataset on land-use intensity (LUI) has observations of 
effects on biodiversity of the same taxa as LUT, as well as for biodiversity of fungi. When fitting 
taxa as a modifier, results showed negative effects of LUI on the biodiversity of all taxa, with 
the highest impacts on plants and vertebrates (20% (+/-7; +/-9 respectively) (Fig. 4.6b). 


























Fig. 4.6: Percent in biodiversity change (average effect +/- 95%-CI), in a) land-use type (LUT) and b) land-use 
intensity (LUI) datasets, per taxa. (n: number of studies and citations, significance codes for P-values: P<0.001 
(***), P<0.01 (**), P<0.05 (-), P>=0.05 (-), Diff: different letters indicating pairwise comparisons that are signifi-
cant and P<0.05). Summary (average effect +/- 95%-CI) represented as a rhombus. 
Land-use intensity 
Meta-regression with land-use intensity as a sole modifier, for both reduced datasets 
of studies, was performed where data were available (Fig. 4.7a,b). Note that this intensity is 
measured as low, intermediate, or high to compare between papers. While this is the inten-
sity index used as a modifier, the intensity level used for the main analyses defining LUI is not 
a modifier, it’s a treatment-control comparison. Results showed that effects of land-use type 
and intensity on biodiversity were significant at intermediate and high intensity but not at 
low.  































Fig. 4.7: Percent in biodiversity changes (+/- 95%-CI) with intensity levels on a) land-use type (LUT) dataset, 
b) land-use intensity (LUI) dataset. (n: number of studies and citations, significance codes for P-values: 
P<0.001 (***), P<0.01 (**), P<0.05 (*), P>=0.05 (-), Diff: different letters indicating pairwise comparisons that 
are significant and P<0.05). Summary (average effect +/- 95%-CI) represented as a rhombus. 
b.2) LUT and LUI effects on productivity 
We found 5648 papers, from which we read 215 (for a matter of time) and 10 papers of 
them met our criteria, some of them with several independent studies, leading to an overall 
total of 79 effects reported (we included more than 30 observations to increase representa-
tion of a number of different land-use activities). The rest of the papers were rejected accord-
ing to protocol (Appendix S3). We separated the database into: 
• LUT: 37 studies from 4 citations 




• LUI: 42 studies from 7 citations, from which one citation (4 studies) was deleted due 
to lack of sampling variance. Total: 38 studies from 6 citations. 
Land-use type showed an average neutral effect of land use on productivity with a large 
variance (log-response ratio: 0.0120, se: 0.4053, P>0.05); when back-transformed with the 
exponential function this can be interpreted as  a very small 1.2% (-54, +123) increase in land 
productivity (Table 4.2). 
Land-use intensity showed an average negative effect on productivity (log-response ratio: 
-0.2539, se: 0.0908, P<0.01) equivalent to a -22.42% (-35.07,-7.32) decline of productivity. No 
evidence of publication bias was found for the LUT dataset, using funnel plots, fail-safe n, and 
Egger tests, but a publication bias could be interpreted from the low fail-safe n (671) and 
relatively large intercept in the Egger test, for the LUI dataset (Fig 4.S1.1, Table 4.S2.1). 
An ANOVA analysis including the modifiers type of land-use change and ecosystem 
showed that both could explain a significant part of the heterogeneity between studies (Table 
4b). Note that for LUT dataset we did not fit type of land-use change because there is only 
one activity (cropping). We explored each of these modifiers. 
Table 4.4 (a, b): Anova-type tests for multivariate meta-analysis with sequentially added modifiers. (LTR: Log 
likelihood ratio between sequential models, the first one fitting the overall mean not shown in the table, df: 
degrees of freedom) 
 
a)  Land-use type effects on biodiversity (LUT-Productivity-NPP) 
 
b) Land-use intensity effects on biodiversity (LUI-Productivity-NPP) 
Meta-regressions for effects of different modifiers on effects of LUT or LUI on productivity 
Type of land-use activity 
We performed meta-regressions using different types or intensities of land use  as modifiers 
(Fig. 4.8a,b). 
Term added to the model df LRT p-value 
Type of ecosystem 2 627.11 <.0001 
    
Term added to the model df LRT p-value 
Type of land use 2 93.6189 <.0001 
Type of ecosystem 2 0.2682 0.8745 ns 




a) LUT: all observations in the land-use type dataset involved comparing native land to 
agriculture (cropping), which showed a small positive effect on productivity, although 
with a large variance around that effect. Thus, this term could not be fit as a modifier 
for the LUT dataset. 
b) LUI: in this dataset there were observations for cropping, animal pasture, and mixed 
activities. Intensity of animal pasture had a negative impact on biodiversity, while 
intensity of cropping and mixed activities had a small but positive one (although with 

















Fig. 4.8: Percent in productivity changes (+/- 95%-CI) due to different land-use activities in datasets.  a) Land-
use type (LUT) and b) Land-use intensity (LUI) (n: number of observations, significance codes for P-values: 
P<0.001 (***), P<0.01 (**), P<0.05 (*), P>=0.05 (-), Diff: different letters indicating pairwise comparisons that 
are significant and P<0.05). Summary (average effect +/- 95%-CI) represented as a rhombus. 
Ecosystem 
The effects of land-use type on productivity were positive in grassland and negative in 
forest and mixed ecosystems, with a large variance between citations (Fig. 4.9a). The effects 
of land-use intensity on productivity were negative for all ecosystems, but significant only for 
shrubland, which may seem unusual given that they are not significantly different between 
them, but can happen in unusual statistical circumstances (Fig. 4.9b).  








































Fig. 4.9: Percent in productivity changes (+/- 95% CI) due to different land-use activities per ecosystem, in 
datasets. a) Land-use type (LUT) and b) Land-use intensity (LUI). n: number of observations, significance 
codes for P-values: P<0.001 (***), P<0.01 (**), P<0.05 (*), P>=0.05 (-), Diff: different letters indicating pairwise 
comparisons that are significant and P<0.05). Summary (average effect +/- 95% CI) represented as a rhombus. 
b.3) Biodiversity effects on productivity 
Out of 5215 papers, 51 were read (for a matter of time) and 7 were selected; some of 
them with several independent effects, to an overall total of 29 effects reported. In this da-
taset biodiversity showed a large, positive effect on productivity (log response ratio: 0.4551, 
se: 0.1166, P<0.001); when back-transformed with the exponential function this can be 




interpreted as a 57.63% (95%-CI 25.42%, 98.12%) increase in productivity due to biodiversity. 
No evidence of publication bias was found for the dataset on land-use type, using funnel plots, 
fail-safe n, and Egger tests (Fig 4.S1.1, Table 4.S2.1 (Suppl. Material)). 
We used the following modifiers in meta-regressions: initial number of species (con-
trol) and presence of different functional groups (legume, forbs, grasses, herbs) (treatment). 
Table 4.5 shows the results of a sequential ANOVA, in which presence of legumes and forbs 
were significant. Note that inverting the order in which the functional groups were fitted 
(from herbs to legumes), still gave significant only for legumes (LRT: 15.12, P<0.001***) and 
forbs (LRT: 7.81, P:0.005**) 
Table 4.5: Anova-type tests for multivariate meta-analysis with sequentially added modifiers (for the relation-
ship between biodiversity and productivity, BD-NPP) (LTR: Log likelihood ratio from full/reduced model, df: 
degrees of freedom), significance codes for P-values: P<0.001 (***), P<0.01 (**), P<0.05 (*), P>=0.05 (-).   
Meta-regressions for effects of different modifiers on effects of biodiversity on            
productivity 
Initial species richness 
We performed a meta-regression using the initial number of species (which is the spe-
cies richness in the control) as modifier and confirmed that it did not explain significant het-
erogeneity in effects on its own (0.021, CI (-0.034, 0.076), ns) (only three observations that 
started with numbers higher than four species) (Fig. 4.S1.2). 
 
Presence of functional groups 
We performed a meta-regression with the presence/absence of each of the func-
tional groups in the initial mix of species, separately (testing presence/absence of each), 
where only presence of legumes and forbs were significant (Figure 4.10).  
Term added to the model df LRT p-value 
Initial Biodiversity Level 1 2.8881  0.0892 
Presence of Legumes 1 5.6504  0.0175** 
Presence of Forbs 1 9.2276 0.0024*** 
Presence of Shrubs 1 0.4297 0.5121 
Presence of Herbs 1 0.9102 0.3401 




















Fig. 4.10: Percent in productivity changes with biodiversity increase, per functional group (Average +/- 95%-
CI). n: number of observations, significance codes for P-values: P<0.001 (***), P<0.01 (**), P<0.05 (*), P>=0.05 
(-), Diff: different letters indicating pairwise comparisons that are significant and P<0.05). Summary (average 
effect +/- 95% CI) represented as a rhombus. 
b.4) Land-use alteration (LUA) effects on nutritional status 
We found 796 papers, of which only 7 contained quantitative information on nutri-
tional status changes following land-use alteration (from no activity in a modified landscape 
to an activity that increases both biodiversity and productivity at the same time). A total of 
15 independent effects were identified, most of them on house gardens, in rural areas of low-
income countries. Studies included land-use changes to increase productivity in a sustainable 
way, transformations to agroecology and increases in biodiversity; there were no records for 
impacts of intensity or traditional agriculture on nutritional status. In this dataset, the average 
effect was large and positive though not statistically significant (log response ratio: 0.3546, 
se: 0.1743, P>0.05); when back-transformed with the exponential function this can be inter-
preted as a 142.56% (CI 119.76, 169.71) increase in productivity due to biodiversity. Given the 
small dataset available, there is naturally evidence of publication bias according to the funnel 
plot, which is relatively asymmetric, fail-safe n (low), and Egger tests (large intercept) (Fig 
4.S1.1, Table 4.S2.1). 
Both productivity and biodiversity increased in the land-use changes described in 
these land-use alterations, and the effects were not reported independently. Therefore, it 




was not possible to disentangle the effects of each, for example, using productivity and bio-
diversity levels as modifiers. 
A model with type of intervention and nutritional index showed that only the first 
could explain significantly part of the heterogeneity between studies; the type of index used 
did not significantly explain heterogeneity (Table 4.6). We explored each modifier inde-
pendently through meta-regressions. Note that the models work with low number of effects 
(even 1) because each of them has a sampling variance (error of replications within studies). 
Table 4.6: Anova-type tests for multivariate meta-analysis with sequentially added modifiers (for the relation-
ship between land-use alteration and nutritional status, LUA-NUT). (LTR: Log likelihood ratio from full/reduced 
model, df: degrees of freedom) 
Meta-regressions for effects of different modifiers on effects of land-use alteration on nu-
tritional status 
Nutritional status Index 
We performed a meta-regression with the type of index used to measure nutrient 
status. The land-use interventions show positive effects in nutritional status regardless of the 
index used, but some showed larger variance than others (particularly self-reported health, 
although note the low number of observations) (Fig. 4.11). 
  
Term added to the model df LRT p-value 
Index 6 30.4796 <0.001 
Type of intervention 3 3.4425 0.3283  





















Fig. 4.11: Percent in nutritional status changes (+/- 95%-CI), per index. (n: number of observations, p-value 
significant codes 0.001(***), 0.01(**), 0.05 (*), ns: non-significant, n: number of studies, observations, Diff: 
pairwise comparisons. Summary (average effect +/- 95%-CI) represented as a rhombus). 
Type of Intervention 
We performed meta-regressions with the type of interventions (Figure 4.12). All inter-
ventions had a positive effect in increasing the nutritional status (increase nutrient consump-
tion, better health). Using compost, increasing the size of the farm, crop diversity and the use 
of legumes showed the largest positive effects. 
  






















Fig. 4.12: Percent in nutritional status changes (+/- 95%-CI), per type of land-use intervention (Average +/ 
SE). (n: number of observations, p-value significant codes 0.001(***), 0.01(**), 0.05 (*), ns: non-significant, n: 
number of studies, observations, Diff: pairwise comparisons. Summary (average effect +/- 95%-CI) represented 
as a rhombus. 
 
Semi-quantitative and qualitative analyses from studies not used in meta-analysis 
Some of the studies that were not used in the meta-analysis contained useful concep-
tual frameworks, conclusions or qualitative reviews (full list in Table 4.S2.2). Summary data 
for this set of studies are shown in Fig. 4.13, and the top 10 conclusions across studies are 
listed in Table 4.7. 















































Fig. 4.13: Summary from non-quantitative studies. Grouped by type of study (blue), response variables of nu-
tritional status indexes or food security (green) and variables used as effect variables (global change drivers) 
(red). 
  




Table 4.7: Top 10 conclusions from studies not used for quantitative analysis  
Summary conclusions 
1) Systemic analyses System analyses that take into account multiple factors (economic, 
social and environmental) and account for indirect effects are 
more representative of reality and useful than single factor stud-
ies. 
2) Policies Few policies currently in place to increase nutritional status of a 
population 1) measure the direct outcome, 2) have been tested for 
efficiency, 3) support diversification of produce other than stable 
crops. 
3) Research gaps There are research gaps in all variables of interest in this system, 
particularly at local scales, where lack of data and proper experi-
mental designs are pervasive. 
4) Intensity vs. redistribution There is relatively large support for the fact that current produc-
tion in agriculture theoretically fits current nutritional demands 
(and possibly those of the population expected in 2050), in terms 
of biomass, nutrient content and energy production (biofuels). 
5) Scale Large scale studies using nationwide and international data are not 
sufficient to understand observed outcomes of interventions: spe-
cific trajectories and tradeoffs occur at local scale, and sometimes 
differ largely even between farms of the same location and cul-
tural background. 
6) Use of proxies Many counterintuitive outcomes have been observed such as: 
1) Increasing farm production does not always lead to greater fi-
nancial income. 2) Having a large availability of nutrient-rich foods 
does not always lead to greater consumption or better nutritional 
status. 3) Ingestion of nutrients is not equal to assimilation.  
7) Confounding effects Climate, soil properties, seasonality of crops, wealth status, educa-
tion in nutrition, and gender issues should be considered together 
with the implementation of land-use changes aimed at increasing 
biodiversity and productivity. 
8) Trends Nutrition sensitive agricultural programs have the potential to re-
duce environmental impacts while increasing nutritional status of 
the population. However, the trend toward intensified land-use is 
in the opposite direction. 
9) Cost of sustainability Sustainable practices in farms, such as increasing biodiversity, are 
costly and may not be profitable without governmental income 
support.  
10) Terminology The terminology used in studies is sometimes ambiguous and con-
fusing, hindering data synthesis.  
 
  




b.5) Diet-change effects on land-use activities 
We did not find studies linking a change in nutritional status of a community with land-use 
changes in that direction, but we found several studies that link shifts in diets (a proxy of 
nutrition) with land-use change (Table 4.S2.3). The top conclusions are shown in Table 4.8. 
Shifts in diets are associated usually with changes in the nutritional status (Fan et al., 2019), 
therefore we explored this relationship. Most papers report a change from plant- to animal-
based diets and associated positive impacts on ecological factors (e.g., reduced need of land-
use change, reduced fertilizers, reduced energy input). Too few of the papers contained quan-
titative data for meta-analysis. 
Table 4.8: Top 5 conclusions from studies not used for quantitative analysis  
Summary conclusions 
1) Problematic definition          
of a “healthier diet” 
The definition of healthier diets is different across countries, and 
therefore studies addressing the impact of shifts to “healthier di-
ets” without quantitatively describing the contents, are not directly 
comparable. 
2) Increase in land-use            
intensive products 
Some healthier diets increase meat, fruit and dairy consumption, 
which in turn requires more land space and so increases environ-
mental impact. 
3) Systemic analyses 
Because they are tightly related, land-use, carbon emissions, ferti-
lizer input, and water use should all be assessed together and not 
separately. 
4) Definitions for types of   
practices 
Sustainable practices, seasonal diets, locally-grown produce, out-
door grown produce: these terms should be defined quantitatively 
according to the study so that they are comparable to others. 
5) Wealth and economy 
Currently there would not be enough land to satisfy the demand of 
the whole population of the Earth if they would switch to an afflu-
ent diet, in most countries in which this was studied. 
  






We were interested in describing the strength of the causal relationships between 
land-use change, biodiversity levels, productivity levels and nutritional status of human pop-
ulations. We performed an exploratory study to link these four variables that are theoretically 
and in environmental policies tightly linked, but that seldom have been considered together 
in experimental or observational studies. We broadly defined the variables of interest to en-
compass larger sections of the literature, in order to look for patterns and trends in the re-
sponses, and to further understand the possible feedbacks in the system. Figure 4.14 shows 












Fig. 4.14: Summary from relationships studied quantitatively, following Fig 4.2b,  
with average effect sizes (+/- 95% CIs). 
 
By performing a broad literature search we expected to find studies reporting on all 
of the possible relationships for the system of interest (Fig. 4.2). We found sufficient data to 
report on five out of the sixteen possible relationships (quantitatively on four) (Fig.4.14). Each 
interaction was complex to analyze by itself, with multiple modifiers and levels, which prob-
ably explains why, to our knowledge, there are no other studies considering all of them sim-
ultaneously. It is possible that with an exhaustive literature search the rest of the relationships 
could be also explored. For the relationships that we could analyze we found some interesting 
outcomes that possibly would have been missed with independent studies. 




Subject specific conclusions 
Land-use change and intensity lead to major biodiversity losses, consistent with the 
existing literature that identifies land use as a major global change, although the effects were 
not equal in all ecosystems and for all taxa affected. Animal pasture was the land-use change 
with the largest negative effects on biodiversity and on productivity. We know from the liter-
ature that grazing can be managed to benefit biodiversity (Rook & Tallowin, 2003). None of 
the papers included in our analyses mentioned biodiversity enhancement as a goal, but all of 
them used animals in the way productive grazing for commercialization use them. Hence, 
results suggest that unless biodiversity management is included as a goal in parallel to animal 
production for commercialization, it is not always the case that this will naturally occur. This 
is in line with other studies that make specific recommendations on how to use grazing to this 
end, tailored to the taxa that are the target of conservation (Rook et al., 2004). 
Invertebrates were the most affected by land-use change, but other taxa were equally 
affected by land-use intensity. This is consistent with recent studies that found strong insect 
declines due to land use (Seibold et al., 2019).  Invertebrates are usually considered good 
bioindicators of land-use changes in a variety of situations (Andersen & Majer, 2004) and our 
results support this claim. Mixed activities (agroforestry or mixed with human settlements) 
had negative impact on biodiversity but milder than each land-use type independently. It is 
known that the impact of different land-use types is not only one of the activities being carried 
out per se, but also the preparation that the land requires for them (e.g., tilling before crops) 
(McLaughlin & Mineau, 1995). It is possible that by mixing different types of activities, the 
impact is distributed among affected species or different niches are created to accommodate 
more species. This would have to be studied further, with a more diverse dataset. 
Regarding productivity, land-use type showed a slightly positive effect and land-use 
intensity a large negative one on productivity. A recent review on causes of changes in net 
primary productivity suggests large discrepancies in reports, mainly due to field collections of 
data not being standardized and missing information in reports (Šímová & Storch, 2017). Our 
results are in line with this review, given the large heterogeneity in results, even in similar 
regions and land-use types. The advantage of meta-analysis as used here is that this variation 
among studies and citations can be quantified and removed from the estimation of overall 
effects. To our knowledge, there are no other meta-analyses or reviews summarizing 




literature on how land-use type and intensity change net primary productivity globally, so we 
cannot compare our results with previous work. A study using a globally extensive experiment 
(NutNet) generalized conclusions from their study to “how grasslands would respond to en-
vironmental change”, including changes in primary productivity, although their focus was on 
biodiversity–productivity relationships and not on the driver of change (e.g., nutrient input) 
(Borer et al., 2017). They concluded that biodiversity is promoting and maintaining produc-
tivity, and hence biodiversity declines would imply a direct negative effect on such productiv-
ity. In our study, biodiversity showed indeed a large positive effect on productivity (more than 
50%). This would be consistent with NutNet studies and others reporting productivity losses 
due to loss in biodiversity. It would be interesting to expand our meta-analysis to integrate 
more than one relationship in a type of meta-path-analysis or meta-structural-equation 
model (meta-SEM). However, we did not do this here because it is not clear how the different 
data sources for each relationship would affect the analysis. Ideally, one would have to find 
at least some individual studies that looked at more than one relationship, for example land 
use à species richness à primary productivity and land use à primary productivity (Fig 4.14) 
Our results suggest a stark increase in productivity following an increase in biodiversity 
as a treatment. Despite controversies on the mechanisms underlying this relationship, there 
seems to be consensus in this direction (Balvanera et al., 2006; Cardinale et al., 2007; Duffy 
et al., 2017; Isbell et al., 2011; Oehri et al., 2017). This increase could be explained by species 
richness per se, but in our case the effect was underpinned by the presence of particular plant 
functional groups, namely forbs and legumes, in mixed-species plant communities. The role 
of legumes driving productivity increases in plant mixtures has been a focus of many grassland 
biodiversity experiments (Fargione et al., 2007; Roscher et al., 2013) and it is interesting that 
we could pick up on this result with our study design and relatively few studies with high 
variability. However, positive effects of species richness on productivity are also commonly 
observed in the absence of legumes (e.g., (Van Ruijven & Berendse, 2003) and our further 
findings of biodiversity an presence of forb effects is consistent this. 
The major increase observed in productivity with an increase in biodiversity and in 
nutritional status with an intervention in land use are consistent in direction but not in mag-
nitude with the literature available on the subject (Masset et al., 2012). Studies that looked 
into the species richness–productivity relationship were mostly performed in grassland eco-
systems, with a pool of lowland angiosperms and in the northern hemisphere. Increasing the 




diversity of settings in biodiversity–productivity studies would increase the level of repre-
sentativity. In a similar way, studies linking biodiversity and productivity to nutritional status 
were all performed in low-income countries of the southern hemisphere (and some in Asia). 
Micronutrient deficiencies are common also in wealthy countries (Díaz et al., 2003), and by 
not analyzing the impact that land-use changes possibly have on them, we may be missing 
valuable information on the mechanisms underlying this interaction. There is consensus on 
the urgency of establishing links between land-use changes and nutritional status (and health 
in general) (Simopoulos et al., 2013). From our review, it seems to be difficult to measure 
direct impacts on nutritional status, even when there are interventions on land-use change 
directed to this aim.  
Challenges to integration 
One of the difficulties we faced in all the meta-analyses was the loose definition of key 
terms in studies. For example, the definition of agroecology as a “set of farming practices that 
attempt to mimic natural systems” (Nyantakyi-Frimpong et al., 2017), without a list of specific 
measures describing it, makes it difficult to know which other studies can be pooled together 
with it. Biome definitions, land-use practices and intensity of interventions were the areas in 
which this challenge was mostly felt. We call for researchers in disciplines that deal with these 
terms and concepts to look further for commonalities and standard indexes that can be re-
ported, if not uniquely, at least together with self-defined categories, towards contributing to 
future global data syntheses. This problem is typical for the ecological and environmental sci-
ences compared with for example clinical trials. Nevertheless, it is possible to use meta-anal-
ysis on such heterogeneous data, as we have shown here and others have shown in previous 
studies, e.g. calculating responses across vastly different ranges of nutrient additions, treating 
them all the same simply as nutrient additions (see e.g. Hooper et al. 2012, Yuan et al. 2017). 
So far only in few cases could meta-analyses use specific values of treatment variables, e.g. 
actual species richness values (e.g. Balvanera et al. 2006), allowing them to calculate correla-
tions instead of response ratios to measure effects. 
Furthermore, we found a large number of reports on the effects of interventions, for ex-
ample, land-use interventions effects on nutritional status of communities, many of them 
even include average effects (e.g., Percent of stunted children declined in 51%), but they do 
so with no errors or number of observations associated with those averages. Although these 




reports are relevant for the description of project outcomes, they cannot be used for quanti-
tative analyses with current meta-analysis tools, in comparison with other projects. This 
means that interesting patterns and ideas of modifiers that may explain the known heteroge-
neity between results get lost (and definitely do when in absence of errors and number of 
observations is accompanied by lack of access to raw data). This is also the case of studies 
with low or no variance in the results that cannot be used due to caveats in current tools used 
for meta-analysis which cannot deal with them (e.g., metafor R package used in this thesis). 
General recommendations 
Although it provided some valuable insights and experience in data management and 
analysis, there are some issues with the design that could be improved. It would be necessary 
to get larger sample sizes, better information about explanatory variables and responses and 
more sophisticated analysis tools to progress. Furthermore, one could ask for better designs 
and reporting standards of individual studies. One interesting further step in analysis would 
be to integrate the separate meta-analyses done here into meta-SEMs (path analyses) (e.g., 
(Grace et al., 2007)). Another goal would be to have continuous effects variables of modifiers 
to make more quantitative predictions. 
Overall, the integration of data across disciplines in a network has the potential to show 
hidden patterns that are not visible with isolates studies. Furthermore, by doing several 
rounds of bibliography search and feeding back into the design, it may be possible to reach a 
thorough understanding of the literature, current research gaps and develop new working 
hypotheses. We call for more collaboration in interdisciplinary projects, use of standard in-
dexes, narrowing of definitions for practical use and data sharing, towards a better under-
standing of global change systems. 
Data availability 
The databases with means, errors and effect sizes, as well as entries for all modifiers 
can be found in KNB public repository online, together with its associated metadata. The basic 
R code script used for the analysis can be found in M.A.P. Github account 
(https://github.com/mparre).  
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4.7 Supplementary material 
Appendix S1 - Figures 
 




























Fig. 4.S1.1: Funnel plot showing symmetry of effects around the average for a) land use conversion effects 
on biodiversity, b) land use intensification effects on biodiversity, c) land use conversion effects on produc-
tivity, d) land use intensification effects on productivity, e) biodiversity effects on productivity, f) land use 
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Appendix S2 - Tables 
 
Table 4.S2.1: Fail safe n and Egger tests for meta-analyses for a) land use (LU) effects on biodiversity (BD), b) 
land use effects on productivity, c) biodiversity effects on productivity (NPP), ***p<0.005 
 
 
a)  LUConversion_BD LUIntensification_BD  
Fail-safe n 9513*** 33355***  
Egger test y= 0.121 -4.093x Y= 0.07749-1.24738x  
 
 b) LUConversion_NPP LUIntensification_NPP  
Fail-safe n 47592*** 4292***  
Egger test y= 9.37E-3 -1.47e+02x y= -0.03479 +3.44944x  
 
 c) BD_NPP   
Fail-safe n 1525   
Egger test y= 0.09491 – 0.19198x   
  
d) LU_NUT  
Fail-safe n 872  












Table 4.S2.2: Review of papers on land use change effects on nutritional status, that were not considered for a quantitative analysis but 
contained important concepts and conclusions to frame the interaction.  
 
Citation Effect variable 
Response variable, 
Socio-economic in-
dex Type of analyses Conclusion 
Availability of asso-









Food security (gross 
household food pro-
duction; caloric in-
take per household 
in the last 24 hours, 
coping strategies, 
household food inse-







High insecurity rates, exacerbated by climate 
change and seasonality, outweigh sustainable prac-
tices benefits. Land fragmentation can have a posi-
tive or negative effect on food security but shows 




cients, all reported 






tional land use 
systems (e.g., 
agroforestry) Food security Review  
Most articles studying this relation report indirect 
effects, not direct ones (via ecosystem services, 
economic aspects, climate, soil, structural and flo-
ristic diversity). Most studies are descriptive. Few 
comparisons between production systems, despite 
high promotion through national policies.  
No data associated 
(description of the 
literature) Sri Lanka 
(Nogeire-McRae 




sizes of urban 
gardens) 
Economy (job crea-
tion, new capital, 
property values, 





ination in produce, 
food security, food 
security). Review 
Research gaps on every response variable meas-
ured. Lack of reliable data on micronutrients and 
intake from vegetables grown under different agri-




tive data (summary 











sity, water, land) 





Food security and 
sustainable manage-
ment of water (multi-
dimensional poverty 
index, population 







water withdrawal for 
agriculture, popula-
tion with safe water 
service, population 
with sanitation ser-
vice, amount of agri-
cultural residues 




Lists useful specific indicators to monitor and de-
scribes them. Lists sources of national databases 
for finding data to calculate them. Quantifies a 
baseline using available datasets. Compiles local 
level information for some of the indicators and 
graphic outputs.  
Large scale, data of 




Specific data used 
















Global and regional 
food security (energy 
requirements, 
amount and type of 
nutrients) 
Modelling towards 




There is enough production in yield and nutritional 
content of crops to feed the population of the 
world in 2050, but adaptations in changes of diet, 
global flows (distribution) will have to occur.  
Large scale, data 
from national and 
international de-
partments. Global 













stood as Vulnerability 
of farms (related to 
variability in produc-
tivity and economic 
efficiency) - focused 
on organic farms Case study 
Individual farms exhibit specific trajectories and 
tradeoffs, and the main causes for them differ be-
tween farms with a combination of different fac-
tors. Greater production not always led to greater 
earnings: fine tuning inputs and aiming for self-suf-
ficiency were key in obtaining best results. In this 
case of organic farms, it was not possible to obtain 
economic efficiency and increase productivity at 
the same time.  
Correlation coeffi-
cients presented in 
results. Graphical 
depiction of trajec-








health, food security 
Historical Review, 
Perspective 
We are able to feed theoretically the global popu-
lation, at the expense of polluting the environment 
and a decrease in biodiversity. Although there has 
been an improvement in human nutrition, there 
are still areas where malnutrition and obesity are 
endemic. There is a need to link modern technolo-
gies for plant breeding and farm practices. Funding 
should be redirected to sustainable agriculture; 
which in turn should increase productivity and en-
sure food security.  
No data associated 
(other than re-
ported trends in 
the text) Global 












els), Health (anemia, 
hypertension), Food 
security (food insecu-
rity experience scale 
FAO, dietary diver-
sity, average con-
sumption), Case study 
Undernutrition was high even despite access to 
rich food biodiversity, both wild and cultivated. Ed-
ucation on nutrition is required to make use of 
available resources. Gender issues may prevent ed-
ucation to actually have an impact on malnutrition 
prevention. Local genetic characteristics that have 
not be studied could be confounding effects when 
analyzing anthropometric measures against inter-
national standards. Intensive agriculture poses 
threats to wild biodiversity, which would actually 




pare populations India 













der different land 
use scenarios, 
based on data from 
a case study (de-
scriptive) 
Identifies crops with complementary nutritional 
values. Identifies the practices from the "African 
Green Revolution" as the scenario with the great-
est potential to fit the nutritional demands of the 
population. Develops a new index to measure nu-
tritional content based on functional traits from 
the plants. Mentions limitations of measuring im-
pacts on nutritional status using nutritional con-
tent of food as a proxy (e.g., assimilation is not 
equal to ingest) 
Summary descrip-
tive data in paper 
tables and graphics. 
No further data as-









Results suggest a small association of agricultural 
biodiversity with diverse diets and improvements 
in some anthropometric indexes (but not in the 
majority analyzed). Suggests conceptual network 
diagrams for the effects, including socio-economi-
cal aspects. Identifies research gaps and lists priori-
ties (one of them is research design, another one is 
assessment of health impacts) 
Systematic review 
of 23 studies that 
reported correla-
tions between agri-
cultural practices of 
increased biodiver-
sity and dietary di-
versity or an 
thropometric 
measures. Effect 




ations (and the 














Land use practices, 
Socio economical in-
dexes (e.g., Gini), mi-




Highlights importance of rainfall, productivity vari-
ations and climate in farmers decision making (e.g., 
migration patterns, choice of practices). Highlights 
the differential impact on different parts of the 
population due to baseline inequalities in wealth 
and social structures. Defines the term "survival 
economy".   








cients.  Kenya 
















consumption of food 
types rich in 
micronutrients) Case study  
Highlights the caveats of working with national 
data and trying to draw conclusions at a local level. 
Conclusions are sometimes opposite between the 
two scales, and even between close regions with 
different cultures. Overall results suggest that 
forests and landscape has an influence on 
nutritional status of local populations and should 
be taken into account in policies to improve intake 
of micronutrients. Traditional practices of 
agroforestry had a positive correlation with 
nutritional status.  
Raw data from 
central government 
surveys. Means and 












measures Case study 
Production diversity had an important impact on 
young children nutritional status. Current policies 
to increase stable crops through intensification do 
not promote diversification of household produc-
tion (same as in the previous example in Indonesia, 
with rice).  
Correlation coeffi-
cients presented in 
results. Summary 
values and raw 
data not immedi-








ture Nutritional status  Review 
Concept that links agricultural practices to popula-
tion's nutritional needs for a healthy life, usually 
coupled with environmental protection goals. It 
lists benefits, potentials and current programs spe-
cific to the country that would fit with the require-
ments.  
No data associated 












Agricultural biodiversity is key to ensure a nutri-
tious food supply. Modeling techniques are im-
portant tools to work interdisciplinary linking bio-
logical and human systems and decision making 
processes. Food consumption behavior is a driving 
force for agricultural practices.  
Agricultural biodi-
versity is key for 
providing a healthy 
food supply Global 



















of local programs  
Nutrition sensitive programs have been positive in 
qualitative terms for the development of rural 
poor populations and nutritional status has overall 
increased. Malnutrition is focused on micronutri-
ents, particularly in risk groups (young children and 
pregnant mothers). These programs should be cou-
pled with educational ones on nutrition. NGO's ef-
forts and consideration for women gender issues is 
essential to the success of land interventions.  


















Conceptualizes global food policy, as a function of 
production and demand policies, defining price, in 
a framework of governance, international goals to 
develop and end hunger, trade and environmental 
degradation. Suggests tools from all forms of agri-
culture should be considered. Discusses policy im-
plications of certain ambiguous terminology, such 
as "intensification".  
No data associated 





2013) Agriculture Health 
Position paper, per-
spective 
Participants of a meeting concluded on a list of rec-
ommendations to improve our knowledge and in-
terventions on agriculture and health programs. 
The key suggestions are: improving translation 
from science to policies, awareness of detrimental 
production/consumption of sugars and importance 
of specific micronutrients and macromolecules to 
prevent diseases, importance of developing na-
tional food composition tables and education in 
nutrition, understanding that not every practice or 
need is the same across countries, role of genetics, 
role of economics and political contexts that allow 
for change.  
No data associated 
(description of the 
literature) Global 









Food and nutrition 
security Conceptual 
Developing solutions to tackle malnutrition and 
obesity requires a system approach, given the mul-
tiple factors affecting food availability, food intake, 
personal decisions and disease.  
No data associated 
(description of the 










2050, based on cur-






Bioenergy is the energy derives from raw biological 
materials, that we require for our society to de-
velop. The study models the amount of bioenergy 
needed in 2050, and concludes diet driven food 
and livestock requirements are a strong influence, 
as well as climate change but the effects of the lat-
ter are more uncertain. Strong emphasis on the im-
portance of quantifying biomass needed to supply 
the food and energy demand.  
Use of a database 
found online (in the 
university of Vi-
enna), with nation-
wide level data on 




mary data for all 




pictions of the out-
come of different 






Land use practice, Di-
etary shifts, Food se-
curity, Nutritional 
status (micronutri-
ents) Case study  
Stresses the seasonality of dietary diversity, which 
in turn determined periods of food insecurity. 
Monetary income is important in determining the 
household strategies. Safety net programes help 
tackle insecurity. Suggests not to narrow policies to 
productivity or income, but to analyze case by case 
the interplay between different stakeholders.  
Present frequency 
of consumption of 
each type of food, 
per season India 

















Undernutrition has immediate and distal causes, 
that are exacerbated when production is reduced, 
there is a crisis and food prices go up. Children are 
among the most vulnerable to undernutrition, and 
the stage of development in which they are de-
prived from full nutritional diet, can be identified 
by some and not all for the anthropometric in-
dexes in the same way. Furthermore, each stage 
(wasting, stunting and undernutrition) reflects dif-
ferent processes, that can be caused by a combina-
tion of factors. Poverty alone, measured as in-
come, does not explain or correlate directly with 
malnutrition levels. Nutritional supplements are ef-
fective but costly.  










Morrison, 2010) Agriculture Health Case study 
Food production and land use patterns have histor-
ically gone in the opposite direction than that rec-
ommended by nutritionists. Trade plays a role in 
the type of consumption patterns observed.  
Used nationwide 
data from census. 
Present summary 
figures. No data on 




change Nutritional status  Review 
Climate change produces periodic or punctual 
losses in food production and stock, that in turn af-
fect the nutritional status of the population, leav-
ing marks, especially in children. Safety nets pro-
vided by organizations can be effective in prevent-
ing major effects on children development. How-
ever more research is needed, for example on 
cost-efficiency of these methods.  
No data associated 














ies Comprehensive view of the whole system  
Nationwide data 





















Table 4.S2.3: Review of papers on diet shifts effects on land use changes 
 




ated data Country 
(Aleksandrowicz 
et al., 2019) 
Shift to healthier 
diets (increase 
meat and vegeta-
ble intake) and 





land use and water 
footprint Modelling 
Shifts to healthier diets will increase the impact 
on the environment, particularly on carbon emis-
sions, land use and water footprint. However, the 
impact would be smaller that if the populations 
switches to affluent diets. There are differences 
between the footprint of rural and urban areas 
(usually urban is slightly higher) Nationwide data India 











Higher organic food consumption was correlation 
with consumption of a healthy diet and lower 
BMI. They also had less environmental impact 
(except for certain pesticides).  
Case study data, 
summary data and 
correlations pre-
sented in paper (data 
not immediately 
available) France 
(Song et al., 
2019) 
Shift to healthier 






Age and gender specific results. Sedentarism in 
urban settings has an influence in nutritional sta-
tus and environmental impact of diet.  
Nationwide data, 
some models based 
on data from Europe, 
in the absence of Chi-
nese data China 








Comparing two ways of estimating environmental 
impact of diets (individual based): 24 hs recalls 
and FFQ (food frequency questionnaire). Estima-
tions were dependent on the method. There is an 
association between dietary quality, not only 
amount or diversity, and environmental impact: 
higher dietary quality leads to less environmental 
impact: nutrient-based approaches would be im-
portant to both improve nutritional status and re-
duce environmental impact.  
Data from a case 
study to test the 
model. Data not im-
mediately available 















Reducing carbon emissions would free space for 
crops that can be transformed in biofuel, reduc-
ing the use of fossil fuels and therefore carbon 
emissions. Emphasis in using consumer prefer-
ences in the models, and not only theoretical 
healthy diets.  
Nationwide data and 
international data-
bases data  EU 
(Rizvi, Pagnutti, 
Fraser, Bauch, & 
Anand, 2018) 
Shift to a health-
ier diet (increase 
in vegetables and 
food) 
Impact on land use 
(amount)  Modelling 
There is not enough land for everyone in the 
world to be fed with a healthy diet as recom-
mended by policies in the United States. Some 
countries could meet the goal by reducing the 
amount of land used for meat production (e.g., in 
South America, Asia and Africa) and other would 
have to expand the current agricultural land for 
crops (e.g., Europe) 
Nationwide data and 
international data-
bases data (histori-
cal). Code and data 
available in supple-
mentary material.  Global 
(Seconda et al., 
2018) 
Higher dietary 
quality Carbon emissions  
Case study, 
Modelling 
Higher dietary quality was again correlated with 
lower environmental impact.  
Same case study 
(possibly different 
dataset within the 
network), as Baudry 
et al. 2019.  France 
(Gephart et al., 
2016) 
Maximizing nutri-





Their idea is to optimize nutrient content in diets, 
to reduce the maximum possible the environ-
mental impact. Plant-seafood diets could help re-
duce environmental impact while keeping nutri-
tious diets. Reducing impacts in one dimension 
(e.g., water footprint) could increase impact in 
others (e.g., carbon emissions), so multiple of 








mental impact Review 
Definitions for seasonality/grown outdoors/local 
vary, as well as the scales that they imply and 
therefore the impacts of different "seasonal" di-
ets vary too. Carbon emissions depend more on 
the system of production than on the transporta-
tion.  no data associated Global 




(Odegard & van 
der Voet, 2014) 
Increase in popu-
lation, keeping 
current diet  
Environmental im-
pact Modelling 
Whenever modeling, land use and fertilizer, as 
well as water use should be all taken into ac-
count. High waste and high protein/meat con-
sumption are major contributors to the global de-
mand.  
Data taken from peer 
reviewed publica-
tions and nationwide 
data (data in supple-










gas emissions, acid 
emissions, diver-
sity of crops) 
Case study, 
Modelling 
Found conflicting interests between economy 
and environment are the ones responsible for 
counter-intuitive things, like exporting produce 
when local demand is not satisfied, or importing 
even when it is. Vegetarian options are better for 
environmental impact, but not necessarily repre-
sent more diverse diets and it was not optimal on 
the conservation of wild species. Eating localized 
foods that are environmentally not friendly, does 
not remove the damaging effects from environ-
ment.  The term "local" needs to be revised and 
defined.  
Data in paper (sum-
mary, no errors) Finland 
(Gerbens-
Leenes & 
Nonhebel, 2005) Diet shifts Land requirements Modelling 
Current consumption patterns of the wealthy 
population require 6 times more land space than 
a hypothetical basic diet. Demand for products 
like cheese, beverages, fruits and meat are major 





Chapter 2 | A.Parreño 
 
 
- 105 - 
Appendix S3 – Protocol 
 
Literature search 
The literature search was performed in Web of Science, with the terms shown in Table 
A3.1. Results in number of studies found, read and analyzed are shown in Table A3.2. 
 
Table 3.S3.1 Terms and keywords  
Interaction Terms 
LU->BD 
(“land use” and (“species richness” or biodiversity or “biological 
diversity”) (years 2000-2017) 
 
LU->NPP 
(“land  use ” and “net primary productivity”) (years 2000-2017) 
 
BD->NPP 
(“species  richness”  or  biodiversity  or  "biological diversity") and 




(“land use” or “land use change” or “land use intervention” or 
“agro-ecology” or “agroecology”) and (“anthropometric” or “nu-
tritional status” or “stunted” or “bmi”) – Refined by research do-
main: social sciences (years 2000-2019) 
 
 

















LU->BD 8644 753 235 62 NA 34 
LU->NPP 5648 215 50 11 NA 3 
BD->NPP 5215 100 51 7 NA 0 
LU->NUT 
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Rejection/inclusion criteria 
1) Quantitative analyses (meta-analysis) 
We rejected papers:  
- that did not include the variables of interest as defined in the glossary  
- that reported unique and non-comparable indexes (e.g., combinations of 
typical biodiversity measurements like species richness and Shannon index, in 
one index that is not used by any other study)  
- that were qualitative or semi-quantitative (e.g., vote counting) 
- that were observational studies without clear direction of causality between 
the variables of interest reported 
- that reported correlation coefficients as effect sizes, and where there was no 
way to calculate means and error from the reported or shared data (reason: 
although the slope of a correlation can be considered for meta-analysis, we 
selected log response ratio – and originally standard deviation coefficients – 
and effect sizes from correlations cannot be mixed in the same analysis) 
(Koricheva, Gurevitch, & Mengersen, 2013) 
- that did not report errors (standard errors or deviations) for means among 
replicates  
- that were modelling studies without a case study dataset (except for reports 
on net primary productivity 
 
2) Semi-quantitative and qualitative review of land use change -> nutritional 
status interactions 
We rejected papers:  
- that did not report on a land use change activity or status of a global change 
driver (e.g., carbon emissions, water footprint) 
- that did not report a conclusion related with the nutritional status of a 
community or one of the proxies and related variables of the system (e.g., 
health status and food security) 
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Definition of Variables/Glossary 
 
- Altitude: measured in meters above sea level (m.a.s.l). When not reported but 
coordinates reported exactly, then calculated using a free online service at 
elevationmap.net and Google Earth Software.  
- Average effect size: it is the average effect, calculated from all original studies 
that reported an effect between two variables. In the last version of the 
analysis, log response ratio (ln RR) is presented for the average effect sizes.  
- Biodiversity measurements: quantitative indexes used by researchers to 
define the biodiversity level of an area (most commonly, the number of species 
present) 
- Coordinates: geographical coordinates where the data was collected Lat, 
Long). When several points close in space are studied and pooled, then the 
coordinates belong to the center between the points. When points that are 
very far apart (like different regions of a country or countries), the center is 
computed but a note in comments should indicate it. Coordinates are 
computed in decimals (long-lat in different columns), transformed using a free 
online service at andrew.hedges.name/experiments/convert_lat_long/ and 
Google Earth Software.  
- Diet shifts: changes in composition and amount of products in the diet of a 
community or in an individual, over time (i.e. affluent diet: diet typically 
sustained by the wealthier people in the country) 
- Earth/World system: the global system of linked ecological and social 
subsystems, as defined, for example, by (Abel et al., 2006).   
- Ecosystem: mayor biome of the area of study (>51%): when largely mixed as 
defined by authors, noted as the combination of the major types (e.g., Mixed 
Forest and Grassland). When absent in the original study, located with 
coordinates of study sites using Google Earth Software. Defined according to 
Figure 11.23, chapter 11 from the book Physical Geography (Gabler et al. 
2008). Major ecosystems considered: Tropical Rainforest (includes Monsoon 
Forest), Mediterranean Middle-Latitude Forest, Broad-Leaf and Mixed Middle, 
Latitude Forest, Coniferous Forest, Tropical Grassland, Middle-Latitude and 
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Border Tropical Grassland, Tundra and Alpine Meadow, Desert Vegetation. 
Pooled into three categories: forest, grassland and shrubland for main analysis. 
- Effect sub-variable: specific variable assumed by authors to be the responsible 
for the outcomes observed in the response variable (e.g., for land use change 
effect variable, animal pasture, agriculture, agroforestry and urbanization are 
subvariables).  
- Effect variable: broad variables assumed by authors to be the responsible of 
outcomes observed in the response variable (e.g. for land use change 
activities). 
- Errors: SD: standard deviation; SE: standard error. Unless specified otherwise, 
errors in the graphs are standard deviations.  
- Extent: area of land in which the plots were dispersed, in experimental studies.   
- Geographical scale: this is the extent of area in which the conclusions are valid 
or intended for the author: global (data comes from several countries and 
ecosystems or was modelled with global satellite/statistical data); regional 
(data comes from several distant points in the same country or region and 
refer to regional phenomena); local (close points of study in the same country 
or in close boarders of countries, laboratory experiments, local data used for 
modelling, plots in the same or very close area, small scale phenomena 
treated)  
- Global-change driver: effect variables of the Earth/World system that produce 
significant changes overtime in the landscape, natural resources and human 
well-being.   
- Human production activity: any type of land use modification that contributes 
to human society through the products and services it leads to (e.g., forestry, 
for provision of food, timber and financial income). 
- Intensity (for land use changes): strength of an activity, measured in the units 
of the sub-variable of interest (e.g., for animal pasture: density of cattle heads 
per area defines low, intermediate or high). Follows descriptions by original 
authors whenever present in original studies. Naturally a continuous variables, 
made discrete for the purpose of defining means across ranges of intensity.  
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- Land use change: any type of land use modification (baseline landscape not 
defined) 
- Land-use type: changes in a native landscape related to beginning a new 
human production activity.  
- Land-use intensity: changes in a modified landscape related to the increase in 
intensity of a human production activity.  
- Land-use alteration: changes in a modified landscaped related to the change 
in type of activity (usually from abandoned to production) 
- Mean response variable: Average of the response variable quantified in 
original studies.  
- Number of observations: for each study, is defined as the number of 
replicated in treatment and control (used to weight the effect sizes). In graphs, 
noted next to effect variables, it is the number of independent observations 
from original studies that measured for one interaction.  
- Nutritional status: anthropometric measures and key micronutrient level in a 
community 
- Primary productivity/Biomass: production of biomass in time, per area  
- Qualitative analysis: it is the description of the commonalities and differences 
in the conclusions that a set of papers arrived to, but that could not be used 
for a meta-analysis.  
- Quantitative analysis: we refer strictly as quantitative analysis, to a meta-
analysis done with a set of studies obtained through systematic search of the 
literature.  
- Response variable: Broad variable in which the effect was measured (in 
notation, always to the right size of an equation – e.g., LUI->BD : Land use 
intensification effect on biodiversity) 
- Semi-quantitative analysis: it is a quantification of the properties of studies 
found in the literature to have important conclusions for the interaction of 
interest, but that were not included in the meta-analysis.  
- Species Richness: number of species, per area 
- Taxa: Taxonomic group to which the species belong, generally consistent with 
the classification of “phylum”.  
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- Temporal scale: total duration of the sampling, experiment or amount of time 
to which the data used corresponds to (when extracted from library). When 
the sampling was done in 1-2-3 months, it is coded as Season. When it was 
done in several seasons so that annual or inter-annual variability can be 
accounted for, its coded Year. When it was done with an experiment in less 
than month, it is coded “Point”.  
- Type of study: Whether the data corresponds to an observational (field 
collection, including traps) or experimental study (semi-field artificial setup or 
laboratory setup). For land use-biodiversity interaction and land use-
nutritional status, modelling and prediction studies were largely omitted given 
the different nature of controls, number of observations and measurements. 
For primary productivity, remote sensing and satellite studies are considered 
observational, when available summary data could be extracted.  
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5.1 Abstract 
For any given system of variables, such as those relating biodiversity, environ-
ment, and ecosystem processes, we can propose alternative hypotheses about the 
effects observed in nature and in experiments. Identifying those hypotheses in the 
literature that are actually comparable is often hard to achieve for complex ecological 
systems. In this study, we propose a method to identify, compare and analyze hypoth-
eses for a complex system, using tools from quantitative review and statistics. 
Our method consists of four steps: a systematic literature search for study se-
lection, the identification of hypotheses through “backwards inference” from the orig-
inal statistical analyses, the elimination of additional variables where experimental 
designs allow for it without altering the relation between remaining variables, and 
classification of compatible hypotheses into groups suitable for quantitative analysis. 
We provide a detailed case study of a system consisting of the relationships between 
biodiversity, productivity, light and nutrients. 
In our case study, we found 760 initial papers, out of which 74 (123 independ-
ent studies) passed our selection criteria. From these, we identified 34 different hy-
potheses that were reduced to 15 when eliminating additional variables. Only five of 
them had been considered in more than one study. We found substantial differences 
between proposed hypotheses in terms of causality, with more intricate hypotheses - 
that would presumably better represent the higher complexity of the natural system 
- having been tested only a handful of times. Additionally, we recorded features that 
would be of relevance for a quantitative analysis (e.g., reported effect and study sizes, 
data availability, ecosystem type, etc.).  
Our method allows for an accurate depiction of the number of times that com-
patible hypotheses have been tested. This is particularly valuable to evaluate whether 
it is possible or not to proceed with a rigorous quantitative review that can produce 
unbiased and robust statistical results. Moreover, our method facilitates the identifi-
cation of knowledge gaps and mismatches between hypotheses, study designs and 
statistical tests in a given area of research. 
Keywords: biodiversity, hypothesis, light, nutrients, productivity, systematic-review 
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5.2 Introduction 
                                    “Separate from the steps of assumption and definition, is the problem of 
research strategy: how best to choose hypotheses and how best to test them.” 
Hilborn and Stearns 1982 
 
Reviews are fundamental to ecology, allowing for the detection of patterns in 
responses of groups of organisms and ecosystems to natural phenomena. Of all exist-
ing types of reviews, meta-analysis has proven to be a good quantitative approach to 
increase the statistical power available to test a hypothesis (Arnqvist & Wooster, 
1995). Originally developed for medicine, meta-analysis has seen a rise in importance 
as a tool for quantitative review in ecology over the past 20 years (Koricheva et al., 
2013). Meta-analysis helps to overcome some of the shortcomings of traditional re-
views, but some constraints still remain, including bias in the selection of studies and 
poor methodology in original studies (Gates, 2002; Head et al., 2015; Morrissey, 
2016). 
One of the recurrent issues with research syntheses in ecology is the use of 
studies with somewhat distantly related hypotheses in the same analysis, for example 
to compare effects of global change drivers or systems across different temporal and 
spatial scales (e.g., Yuan et al., 2017). It is indeed possible to perform a synthesis with 
a pool of heterogeneous studies, even with meta-analysis, when the aim is to reach 
broad generalizations (Hillebrand & Cardinale, 2010; Koricheva et al., 2013). However, 
it is well stated in methodological synthesis papers that the source of the heterogene-
ity should be in the population of studies rather than in the hypotheses tested in these 
(Gurevitch et al., 2018; Koricheva, Gurevitch & Mengersen, 2013). This is easier to 
achieve in medical sciences, where not only studies are more homogeneous (because 
designs are usually well-controlled interventions) but also easier to group according 
to a coherent common hypothesis than in ecology (Roberts et al., 2006; Stewart & 
Schmid, 2015). Few quantitative reviews in ecology actually state the number of ques-
tions and hypotheses to be reviewed within the pool of studies used (but see for an 
example Balvanera et al. 2006 or Cardinale et al. 2009). 
The distance allowed between working hypotheses to be pooled together for 
a data synthesis is decided together with inclusion criteria for paper selection. Pooling 
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together studies whose original working hypotheses only slightly relate might hinder 
the biological interpretation of results (e.g., Mittelbach et al., 2001 as evaluated by 
Whittaker & Heegaard, 2003). The fact that two hypotheses may be looking into the 
same ecological variables is not sufficient for them to be comparable statistically 
through meta-analysis: the direction of tested effects (“causality”), whether correla-
tions or causal relationships were the focus of the original study designs, or differ-
ences in the hypothesized shape of a relationship could still preclude the use of them 
in the same meta-analysis. Naturally, the temporal and spatial scales at which rela-
tions between variables are assessed and the relevant characteristics of the popula-
tion of studies (ecosystem type, life history traits, functional traits, ecological relation-
ships, others) can be treated as explanatory variables for the heterogeneity of effects 
observed, in a formal meta-analysis. 
Synthesis papers are usually widely read in the scientific community, some-
times even more than the original studies used to perform them (Pautasso, 2013). 
Therefore, loosely-based conclusions that may represent a trend rather than a con-
firmed effect can lead to confusion rather than help elucidate natural phenomena, if 
they are inappropriately interpreted as statistically robust and evidence-based. In or-
der to avoid selecting studies that only support their hypothesis of preference, re-
searchers must decide about the inclusion of a study based on its methods and not on 
its results (Gates, 2002). This concept could be taken further, into identifying hypoth-
eses tested in original studies based on their statistical analysis, rather than on the 
verbal formulation of hypotheses or conclusions (even though, ideally, there should 
be no differences between the two approaches). For example, one-sided verbal hy-
potheses may be evaluated with a two-sided statistical test, yielding lower statistical 
power to detect effects, which may then not be reported as different from zero. 
There are a number of papers and books that describe methodologies for 
quantitative reviews in ecology (Borenstein, 2009; Gates, 2002; Hedges et al., 1999; 
Koricheva et al., 2013; Nakagawa & Cuthill, 2007; Osenberg et al., 1999). However, to 
our knowledge, none of them explicitly highlights the importance of the hypotheses 
tested in original papers being comparable, let alone proposes a threshold of compat-
ibility or a systematic way of identifying and notating these hypotheses prior to per-
forming a review with them. The abundance of quantitative reviews in ecology that 
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are being performed by collating primary studies based on broadly related hypotheses 
(e.g., Hooper et al., 2012), suggests that these are far from trivial tasks.  
In the present study, we propose a method to identify compatible hypotheses 
that have been tested in a given literature pool. This method can be performed as a 
standalone to have a better comprehension of the state of the art in an area of 
knowledge, to identify plausible models to test over a given dataset, or, most likely, 
to be applied during the search of literature for data synthesis, particularly within ecol-
ogy. We describe this method as applied to a case study. 
 
5.3 Case study: resource competition, diversity and productivity in plant 
communities 
Few questions interest community ecologists as much as why and how do spe-
cies coexist. The “Hutchinsonian demon”, a species capable of always outcompeting 
the rest in every situation, cannot exist given the trade-offs in species capabilities and 
life-history traits and the changing environmental conditions in time and space 
(Kneitel & Chase, 2003). These trade-offs are not always easy to identify. Moreover, 
once identified, it might not be straightforward to quantify their relative role in deter-
mining the community structure, composition and function derived from them, since 
multifactorial experiments are more challenging than experiments manipulating a sin-
gle factor (Hilborn & Stearns, 1982). A particular example of such a system can be 
found in plant communities, which are governed by a number of known variables: nu-
trient availability, light availability, number and composition of species, productivity, 
temperature and soil pH, among others. Numerous studies have performed single fac-
tor studies between pairs of variables within this system, with species richness and 
productivity having been a particularly controversial relationship (Cardinale et al., 
2009; Tilman et al., 1997). Given the complexity of the system, few studies have ac-
counted for numerous factors simultaneously and only recently have integrative mod-
els helped to reduce controversy (Grace et al., 2016).  
If we look at the system in the light of competition theory, we have: a) biotic 
factors (plants), that compete for b) resources (light, nutrients and water being the 
main ones), under a number of conditions generated by c) environmental variables 
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such as space, time, temperature, soil pH, presence of grazers and disturbance. From 
single-factor experiments and comparative observational studies it is well established 
that there is a decline in plant diversity with nutrient addition (Bradford et al., 2005; 
Gough et al., 2000; Hillebrand, 2003; Tilman, 1987; Yang et al., 2011). However, the 
mechanistic underpinnings remain a subject of debate because several non-exclusive 
mechanisms have been found to be at least partially responsible for observed out-
comes, like increased competition for light (e.g., Schmid, 1989; Tilman, 1987), func-
tional trait-specific mechanisms (e.g., Pennings et al., 2005; Suding et al., 2005), abun-
dance mechanisms (e.g., Suding et al., 2005), shifts in responses over time (e.g., Gross, 
Mittelbach, & Reynolds, 2005), and mycorrhizal interactions (e.g., Liu et al., 2012).  
Recent studies intended to shed light on the first of these mechanisms: the 
competition for nutrients belowground and competition for light aboveground, and 
their relation with biodiversity (e.g., species richness) and biomass production (De-
Malach et al., 2016; Harpole et al., 2016; DeMalach & Kadmon, 2017; Harpole et al., 
2017). Their system of study, with all possible causal effects between the four study 
variables, is represented in Figure 5.1. These studies broadly dwell in a dichotomy be-
tween two frameworks: the niche dimensionality theory (Harpole et al., 2016, 2017; 
Kaspari & Powers, 2016), and asymmetric light competition theory (DeMalach et al., 
2016; DeMalach et al., 2017). Although these frameworks are not mutually exclusive, 
the focus of debate seemed to be whether one or the other framework was “suffi-
cient” to explain diversity declines. 
 
Fig. 5.1: Network diagram of all possible effects (arrows) between the four main variables of inter-
est on plant competition for resources. 
 
A possible way to measure the relative strength of the effects of nitrogen and 
light availability, and of the biodiversity and biomass production effects that could be 
simultaneously present, would be through a quantitative synthesis of the literature. 
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There are six interactions each with three possibilities (two directions or missing). 
Thus, there could be a maximum of 729 (36) hypotheses, not allowing arrows in both 
directions for a single interaction. But which of those have been actually proposed and 
tested for this system? Numerous syntheses have been done on the interaction be-
tween biodiversity and community productivity (Balvanera et al., 2006; Cardinale et 
al., 2007), but to our knowledge, none has included also interactions with nutrients 
and light in the same analysis. A prerequisite would be a sufficient amount of original 
studies testing the strength of all effects between these variables together. In the ab-
sence of an updated review on all hypotheses tested so far in the literature for this 
system, we applied our method for identifying and comparing those hypotheses that 
could be included in a quantitative analysis in the future. 
5.4 Materials and methods 
We propose a method for identification and comparison of hypotheses about 
the workings of complex natural systems, using the system described in Figure 1 as a 
case study. The method consists of four steps: a) study selection, b) hypothesis iden-
tification in the original study, c) elimination of additional variables, and d) grouping 
of compatible hypotheses (Fig. 5.2). With the hypothesis groups obtained from this 
method, we carried out a number of additional analyses (e). 
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5.4.1) Application of the method by steps  
1) Study selection 
First, we defined the variables of interest to establish the key terms we would look for 
and the scope of the quantitative review: 
● Nutrients: amount of a particular nutrient, the number of different nutrients 
or their spatial disposition, which influence their availability in the soil. Any 
chemical element, in particular nitrogen and phosphorous, typically measured 
in amount of chemical element per area, per time. 
● Light: refers to the amount or angle of light that penetrates the canopy. Light 
should have been measured on top of the canopy and under it, typically as 
photosynthetically active radiation (PAR). 
● Productivity or Biomass production: refers to the mass of all the plants com-
peting directly for measured resources, typically measured as aboveground 
dry weight produced after a given period of time. 
● Biodiversity: Refers to the diversity of species in the plant community, typically 
measured as species richness, evenness, Shannon index or other diversity in-
dices. 
We developed a search strategy and protocol for literature acquisition through sys-
tematic review (Appendix 1). The search engines “Web of Science” and “Scopus” were 
used, by browsing in the title, abstract and keywords of papers for the following terms: 
((fertilization or nutrient or nitrogen or phosphorus) and (light or shad$ or PAR) 
and (biodiversity or "biological diversity" or richness or evenness) and (biomass or 
productivity)). 
Entries available online were considered for all years up to January 2018, when the 
last search was performed. Additional papers were included based on a screening of 
the results by external experts in community ecology and references considered rele-
vant from all screened papers (Fig. 5.3).  
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Fig. 5.3: Flow Diagram showing flow of information during the different phases of literature search. 
 
After merging duplicated papers from the two databases, all resulting entries 
went through a first screening of abstract and methods sections. We selected for full-
text review those papers that had quantified all four main variables of interest (nutri-
ent, light, biomass and diversity). We rejected papers that had not measured at least 
one of these four variables, and theoretical or modeling-only studies. From all full-text 
reviewed papers, we extracted information that could serve to formulate the pro-
posed hypothesis as a network (effect and response variables, covariates) and con-
crete information on experimental design (type of organisms, ecosystem type, meas-
urements and units, number of replicates, etc.). We rejected studies that on a more 
detailed analysis did not conform with the criteria previously stated (measuring all 
four variables of interest), that lacked variation in explanatory variables, that had 
taken measurements which were deemed not comparable with the rest or in which 
measurements were not done for the main study organisms. The remaining 74 studies 
were included in the further analysis (Suppl. Mat. Appendix 2). 
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2) Hypotheses identification and notation 
When performing an experiment, most studies state a null hypothesis and then 
compute a statistical test in order to reject or not reject it based on obtained data 
(Sokal & Rohlf, 2013). In order to identify the hypotheses proposed for our system in 
the literature, we did this backwards: we looked into the statistical tests performed 
by authors and translated them into network diagrams that show the actual hypoth-
esis that had been tested, as derived from the analysis. Hypothetical systems of cau-
sality that were mentioned as plausible in other sections of the paper but that were 
not tested statistically were not included in our diagrams. 
For example, Weilhoefer et al. (2017) performed a fertilization treatment (phos-
phorous and nitrogen addition) within a low-marsh zone. They measured responses 
in plant height, biomass, cover, abundance and richness, as well as light levels above 
and below the canopy. They performed an ANOVA analysis to examine the differences 
in these measurements before and after the fertilization treatment. Figure 4a shows 
the network diagram of the hypothesis tested in this paper, as we could interpret from 
this information. Although both in the introduction and in the discussion, Weilhoefer 
et al. 2017 mention that the decrease in light may have been a result of increased 
biomass, this indirect path is not included in our interpretation, given that this is not 
tested with the statistical analysis performed by them. 
Several studies had performed path analysis and other statistical procedures that 
actually allowed them to test for hypothesized indirect effects and feedbacks between 
variables. For example, Cardinale et al. (2009) used a large dataset of phytoplankton 
species richness, algal biomass, total nutrient content (nitrogen and phosphorous) and 
light, among other environmental variables, from 492 lakes in Norway. To actually test 
their multivariate hypothesis, they used Structural Equations Model (SEM), and them-
selves structured their hypothesis as shown in Figure 5.4b. In this case, we could use 
their SEM network directly as a representation of their hypothesis. Note that here we 
have to assume that the SEM was stated a priori, because otherwise the hypothesis 
would have been fitted to the data rather than the other way around. 
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Fig. 5.4: Hypotheses for a) Weilhoefer et al. 2017 and b) Cardinale et al. 2009, as we could interpret 
based on methods and statistics. 
 
Several papers had analyzed their observational data by fitting effects of co-
variates a posteriori, therefore violating the rule that causal effects should be stated 
a priori. For example, Longhi & Beisner (2010) performed an observational study in 45 
lakes of Canada, looking for the response of phytoplankton diversity to environmental 
factors, among which was “nutrient concentration”. Additionally, they measured 
proxies for biomass and light penetration, among other variables. They performed 
summary statistics of all parameters across lakes and a descriptive analysis of variation 
between geographical regions. ANCOVAs were performed to establish which param-
eter accounted for the greater variation in diversity. We determined that although 
useful to establish patterns between the variables, these analyses couldn’t be trans-
lated into causal effects, even though they produce effect sizes using the correlational 
data. Hence, this type of studies was excluded from our hypothesis analysis. 
3) Elimination of treatments with additional variables (simplification) 
Many authors included in their analyses more variables than the four of our focus, 
such as amount of litter present, water availability, temperature, soil or water pH, etc. 
In order to remain true to the statistical tests performed by authors, and to evaluate 
which other variables were frequently included in empirical studies, we included them 
in the network diagrams analyses and proceeded to evaluate which hypotheses could 
be merged in spite of these additional variables being present. 
We listed all hypotheses and looked for commonalities between them. First, we 
grouped all systems based on the direction of effects (causality) between our four 
main variables of interest (nutrient, biodiversity, light and biomass), regardless of 
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other variables present. Then we determined which experimental design would allow 
the elimination of additional variables. This was only possible when the additional var-
iables were orthogonal to the main variables, at least for a subset of the data that 
could then be selected. Typically, this was the case if there was a (control) treatment 
in which the additional variable had not been manipulated. We assumed that remov-
ing the information about the additional variable should not, a priori, alter the exper-
imental design for the remaining, which would allow a valid quantitative effect for 
remaining effects. In these cases we removed additional variables, as shown in Fig 5.5. 
 
Fig. 5.5: Simplification of additional variables; the remaining hypotheses were classified as compati-
ble or incompatible. 
 
4) Grouping of compatible hypotheses 
After this simplification, we defined compatible systems or compatible hypothe-
ses as those that show the same network and direction of causality between all re-
maining variables. Hence, incompatible systems or incompatible hypotheses are 
those that differ in nodes, arrows and direction of arrows in their network represen-
tation (Fig 5.5). This admittedly strict compatibility rule greatly restricts the number 
of studies that can be included in a meta-analysis for a complex system such as the 
one we are interested in. For example, similar hypotheses such as Cardinale et al. 2009 
and Li et al. 2011, are sufficiently different to preclude their use in the same analysis 
(Fig 5.6). We used this complex ecological system on purpose, to demonstrate the 
problems in finding compatible hypotheses in published papers for systems of more 
than 2 or 3 variables. After performing the simplification of additional variables, we 
tallied the number of incompatible systems in the literature. 
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Fig. 5.6: Similar but incompatible hypotheses (note the arrow between biodiversity 
and biomass production). 
 
In summary, through our method we eliminate additional variables only if they 
are treatment-type variables. There are two caveats to this method:  
a) Some “additional” variables/co-variables cannot be removed (e.g., altitude), 
unless they would be “secretly” balanced (i.e. orthogonal) with the main 
variables, 
b) It is not always the control of a study that remains after removing additional 
variables; it can also be another treatment level for which the additional 
variable is constant or orthogonal to the other main variables. 
We dealt with these two caveats as follows:  
a) Only studies where all additional variables explicitly accounted for by authors 
were identical were grouped as “compatible”. We considered other potential 
additional variables that were not stated, as sources of heterogeneity that 
could be addressed during a meta-analysis. 
b) We always took the control treatment in original studies, since the number of 
cases where other treatment levels could have been used, were negligible and 
to remain as faithful as possible to original experimental designs. 
5.4.2) Additional analyses 
Once all hypotheses were grouped based on compatibility, we addressed several is-
sues of interest: 
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1) Type and number of reported effects 
Each arrow in the networks of hypothesized causalities should be associated with an 
effect size; a quantitative measure of the magnitude of the effect (Koricheva et al., 
2013; Nakagawa & Cuthill, 2007). We calculated the percent of studies per hypothesis 
with sufficient data reported to readily calculate effect sizes. These are, e.g., stand-
ardized path coefficients, differences between arithmetic means (and errors) or in-
dexes that could be mathematically derived from these (e.g., Hedges g). Reports of 
statistical significance (p values) are not sufficient for a quantitative integration.  
2) Data availability 
We report the percent of studies per hypothesis that have communicated the availa-
bility of data in online repositories (private or public) in their publication. No authors 
were contacted directly to enquire for availability of data. 
3) Social network analysis of co-authors 
We performed a network analysis of hypotheses and coauthors, in order to evaluate 
the associations between research groups working in this system. The analysis was 
performed as a bipartite network, using R Software (R Development Core Team, 
2013). We looked in particular at the number of hypotheses tested by single authors. 
 
5.5. Results 
The list of 74 papers included in our analysis can be found in the Supplemen-
tary Information (Suppl. Mat.  Appendix 2), broken down into the number of inde-
pendent studies included in each paper (123 in total) and their corresponding hypoth-
esis number (Suppl. Mat. Table S5.1). Ten of these papers were studies where the 
causality of effects was not clear, as they established correlations between variables 
without stating a direction. The exclusion of these ten papers is justified in our proto-
col (Suppl. Mat.  Appendix 1). In the remaining 64 papers, we identified 34 different 
hypotheses that had been proposed for explaining interactions between nutrients, 
light, diversity, biomass and other environmental variables considered relevant for 
this system. The additional variables that were tested the most were the amount of 
litter present in the soil and the amount of vegetation cover (Suppl. Mat.  Table S5.2). 
Chapter 3 | A.Parreño 
 
 
- 130 - 
The 34 hypotheses went through the elimination of additional variables, so as 
to compare only the direction of the interactions of the main system of interest. Figure 
7 shows the 15 remaining incompatible hypotheses, from which the first 5 have been 
tested more than once  (Fig 5.7a) in the literature and the rest only once (Fig 5.7b). 
 
Fig 5.7a: Five different hypotheses tested multiple times in the literature. 
 
Results show that most studies have tested how the addition or reduction of 
nutrient availability in the soil directly affects light penetration through the canopy, 
the amount of biomass and the species diversity of the plant community, regardless 
of potential interactions between these variables (Hypothesis 1). In second place, nu-
merous studies manipulated both nutrient amount and light availability so that the 
direct effects of below- and aboveground competition on biomass and diversity could 
be assessed separately (Hypothesis 2; note that these studies also could include inter-
active effects of nutrients and light, which are not depicted in the diagrams in Fig. 5.7). 
In the rest of the hypotheses, diversity is always an explanatory variable and biomass 
is always a response variable whereas light and nutrient availability switch from ex-
planatory to response variable (Hypotheses 3–5). According to Hypothesis 5, all 
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Table 5.2: ID: Hypothesis ID; Co: number of compatible hypotheses, k: Number of studies, Ef: number 
of studies with effect sizes reported, Av: raw data availability and ecosystem of the most tested hy-
potheses (G: grassland, A: aquatic, T: tundra, W: wetland, F: forest).  
     Ecosystem studied 
ID Co  k Ef Av G A T W F 
1) Nutrients as effect 14 38 24 34% 95% - - 5% - 
2) Nutrients and Light 
as effects 
6 19 11 0% 37% 26% 16% - 5% 
3) Nutrients, Diversity 
and Light as effects 
2 7 3 0% 100% - - - - 
4) Nutrients and Diver-
sity as effects 
2 2 0 0% 100% - - - - 
5) Diversity as  
effect 
1 10 8 100% 100% - - - - 
 
Figure 5.7b shows the 10 hypotheses that were tested once in the literature and that 
could not be merged through elimination of additional variables with any other, mean-
ing that it would not be possible to include them together in a meta-analysis using our 
rules for selecting studies. 
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Fig. 5.7b: Ten hypotheses tested once in the literature. 
 
If we would step outside of our method and use subsystems within the stated 
hypotheses, then it would be possible to get a higher number of effects per interac-
tion, to be used in statistical analyses. For example, we could take one sensible hy-
pothesis (e.g., hypothesis 12, Cardinale et al. 2009) and use the effects of all pairwise 
interactions found in all other hypotheses, regardless of compatibility. Figure 8 shows 
the number of effects that we would have available for each interaction in the diagram 
(see Suppl. Mat. Table S5.3 for details). 
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An interesting future exercise would be to test the difference of performing a 
meta-analysis only with compatible hypotheses and another one for the same inter-
actions but pooling effect sizes from incompatible hypotheses together (such as in Fig. 
5.8). This would be a way of testing how the level of compatibility between hypotheses 
affects the overall results. However, this is currently not possible given that none of 
the hypotheses individually was tested enough times and not enough effect sizes had 
been reported (e.g., hypothesis 12 (figure 8) was tested once in the literature only). 
The social network visualization revealed that 17 out of 243 coauthors have 
performed studies with three or more different hypotheses (reduced network Fig. 9, 
see complete network in Suppl. Mat. Fig. S5.2). Within these 17, the majority of au-
thors tested three of the hypotheses (numbers 1, 8 and 9). Hypothesis 1 has been 
supported in numerous independent and disconnected studies, while Hypothesis 8 
corresponds to only one integrative modeling paper with numerous authors, and Hy-
pothesis 9 to a meta-analysis with numerous authors. Almost every author who has 
attempted several hypotheses has at some point supported Hypothesis 1.  
Fig. 5.8: Causal relationships from hypothesis 12, analyzed when pooling all hypotheses that had 
accounted for them, also those deemed incompatible according to our method. (a) Number of ef-
fect sizes reported, (b) Number of effect sizes reported plus studies that had studied those interac-
tions but have not reported effect sizes (access to raw data would be required to use them). 
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We propose a method for identifying and comparing current working hypoth-
eses for a system of interest using a review of available literature, “backwards infer-
ence” from statistical analyses, elimination of additional variables, and grouping of 
hypotheses based on the hypothesized causal relationships. We believe the applica-
tion of this method will be particularly useful in areas of ecology in which there is a 
current debate on which are the mechanisms responsible for already established re-
lations between variables. Moreover, it would help in the detection of knowledge and 
data gaps in the literature, as well as the limitations of recurrent experimental design 
and statistical analyses. 
In order to test this, we used the system of interactions between nutrients, 
light, diversity and productivity. Results show that although many hypotheses have 
been proposed to explain the causality between the variables of this system (more 
than 30), few of them have actually been tested repeatedly, even when reducing ad-
ditional variables. This fact blurs the relevance of papers that advocate for one or an-
other hypothesis in particular, as we see that there is actually not enough research 
done to support any of them, let alone to generalize to plant communities outside 
Fig. 5.9: Social network with authors participating in three or more hypotheses 
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grassland ecosystems. Furthermore, the shortage of properly reported effect sizes, an 
issue that has been repeatedly denounced for many areas of ecology in the research 
synthesis literature (Gerstner et al., 2017; Nakagawa & Poulin, 2012), hinders the pos-
sibility of performing quantitative synthesis like meta-analyses, which would be a 
great tool to directly measure the relative strength of the effects between variables. 
Reductionist approaches in science are based on the presupposition that sim-
ple hypotheses need to be rejected first, followed by exploration of more complex 
ones (Hilborn & Stearns, 1982). Our findings for the case study seem to fit this state-
ment, as the simplest hypotheses have been tested more times. The hypotheses that 
have considered feedbacks and indirect effects between variables have mostly been 
tested once and often only with Structural Equation Modeling (SEM), which uses a-
priori hypothetical frameworks that are then fitted to covariance or correlation matri-
ces, i.e. lack a rigorous experimental setting. When multiple explanatory variables are 
experimentally manipulated the system could become even more complex than de-
picted in our diagrams, because of the interactions between them, such that one ar-
row changes depending on the level of other variables. Despite these complications, 
we suggest that it is heuristically valuable applying a method of hypotheses classifica-
tion as done here. It could also be useful to use an approach that reduces complex 
hypotheses to simpler ones that include only relevant aspects of the complexity of the 
system, while allowing feasible experimental designs (e.g., Heger et al., 2013; Jeschke 
& Heger, 2011). 
One of the major challenges for generalization in the research area of our case 
study is the over-representation of grassland as ecosystem type. It is possible that re-
sults between studies from grassland (and mostly with the same functional types of 
plants, i.e. grasses, legumes and non-leguminous herbs), will have more similar results 
than a set of studies carried out across multiple ecosystem types would have. This can 
be a source of bias on the overall results of a potential quantitative analysis (Gates, 
2002), especially since at least some responses seem to be community-specific (e.g., 
Gough et al., 2000). 
Grouping hypotheses based on the causalities they suggest allowed us to de-
pict the social network of co-authors based on their similarities. In our case study com-
paratively few authors out of the total have explored more than one hypothesis. This 
Chapter 3 | A.Parreño 
 
 
- 136 - 
could be due to technical limitations of the places that they are working in or because 
they strongly support one hypothesis theoretically. Further studies could be per-
formed with this social network structure in order to compare the number of hypoth-
eses that authors have tested and their impact in the community (number of collabo-
rations, citation indexes, others). These analyses exceed the present methodological 
paper. 
Looking forward as a community, we think that these results should shift the 
debate from the importance of particular mechanisms, to a debate on 1) which are 
the most plausible and interesting hypotheses that we would like to test and compare, 
2) which are the best plausible experimental designs to test them, and 3) which are 
the best statistical analyses that would allow us to clearly test each of the effects in 
the system and 4) how to report them in a synthesis-friendly way. 
Our method allowed us to clearly identify all hypotheses in the relevant litera-
ture, compare them and group them in order to better visualize their complexity and 
the links between them. The advantage of this method against traditional reviews is 
that it avoids confounding tested hypothesis with information present in the theoret-
ical background of the papers and with ad-hoc interpretations of results. We believe 
that this would be an interesting analysis in other controversial areas of ecology, such 
as to comprehend the effects of different elements on ecosystem multi-functionality, 
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5.8 Supplementary material  
Appendix 1: Protocol for study selection 
Databases and additional sources for literature search 
• Web of Science Core collection 
• Scopus 
• Personal communication with experts in Community Ecology 
Publication years: All years until January 2018 
Search strategy: keywords with the variables of interest 
• Entry used: ((fertilization or nutrient or nitrogen or phosphorus) and (light or 
shad$ or PAR) and (biodiversity or "biological diversity" or richness or evenness) 
and (biomass or productivity)). 
Limits applied to the search 
• Search in Title, Abstract and Keywords ("Topic" in Web of Science Core collec-
tion) 
• All document types (article, review, book, thesis, data papers, etc.).  
• All access types (open access or restricted) 
• All languages (but only those in English, French, Spanish, German and Chinese 
were considered) 
Screening process - Exclusion and inclusion criteria  
• Computational modeling studies without field or laboratory data were ex-
cluded. 
• Experimental and survey/observational studies were included. 
• The methods section must have stated that at least the 4 main variables of 
interest  (nutrients, light, diversity and biomass) were measured in field or lab, 
in any measurement type and expressed in any unit (e.g.: for "nutrient" we 
considered "amount", "spatial distribution in soil", "availability" and "intake" 
all valid for further revision). 
• Late exclusion criteria: It must be possible to extract a working hypothesis from 
the statistical analysis of each paper, that implies causality between studied 
variables. This causality should have been tested explicitly through statistical 
analyses in the original paper and not only stated in other sections of the paper 
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or deduced after the data had been analyzed. In the case of papers where con-
tradicting hypotheses have been stated and tested, only the one tested statis-
tically should be considered. Those papers where there is no causal relation 
tested between the variables of interest cannot be included in the hypothesis 
identification analysis. However, they should still be included in the “useful” 
remaining literature pool, as they had collected data that could be re-analyzed 
with other statistical techniques (e.g.: SEM), or as part of a primary data re-
search synthesis. 
Data to be extracted 
• From results and analyses section: Hypothesis tested statistically of the rela-
tion between the variables of interest for this system. 
• Number and type of effect sizes reported or with sufficient data to be calcu-
lated, for each interaction in the hypothesis tested. 
• Availability of raw data in public repositories (open or upon request). 
• Additional variables considered relevant for this system by authors (e.g.: tem-
perature). 
• Measurement types and units used by authors. 
• Ecosystem and species studied. 
• All the names of authors involved in proposing or analyzing the hypothesis (for 
social network analysis). 
Summary of data to be reported 
• Hypotheses expressed as causal loop diagrams, with the correspondent type 
of effect size reported 
• List of measurements and units used for each variable of interest 
• List of additional variables used in the literature for this system 
• Percent of studies that worked in each ecosystem 
• Percent of studies that reported effect sizes or enough data to calculate them 
for all interactions in their hypothesis.  
• Percent of studies with available raw data in public repositories 
• Fidelity to a hypothesis and connection between researchers, as a social net-
work 
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Appendix 3: Tables 
Table S5.1: List of 74 papers included in the qualitative analysis. The hypothesis ID 
follows the notation in Fig S5.1. (n.s: not specified) 
 




(Tilman, 1987)  grassland 4 1a 
(Wilson & Tilman, 1991)  grassland 1 1e 
(Tilman, 1993)  grassland 4 (4 fields) 1a 
(Huber, 1994) grassland 1 2c 
(Chapin et al. 1995) tundra 2 (2 years) 2b 
(Tilman et al. 1996) grassland 2 (1 field, 1 lab experiments) 5 
(Kleijn & Van Der Voort, 1997)  grassland 1 1a 
(Grace & Pugesek, 1997) wetland 1 14 
(Foster & Gross, 1998) grassland 1 1c 
(Unrein & Vinocur, 1999) aquatic 1 n.s. 
(Eek & Zobel, 1997) grassland 1 2f 
(Stevens & Carson, 2001) grassland 1 3b 
(Gough et al. 2002) tundra 1 2a 
(McEachern et al. 2002) aquatic 10 (10 locations) n.s. 
(Rajaniemi, 2002)  grassland 1 2a 
(Murphy et al., 2003) aquatic 4 (4 different habitat types) n.s. 
(Fridley, 2003) grassland 1 3a 
(Baer et al. 2003) grassland 1 1e 
(Chiarucci et al. 2004) grassland 1 1a 
(Bymers et al. 2005) aquatic 1 n.s. 
(Spehn et al., 2005) grassland 8 (8 sites in different locations) 5 
(Gross et al., 2005) grassland 1 1d 
(Klanderud & Totland, 2005) grassland 1 1j 
(Eriksson et al. , 2006) aquatic 1 2e 
(Stevens et al. 2006) grassland 1 1n 
(Barnett & Beisner, 2007) aquatic 1 n.s. 
(Liess & Kahlert, 2007) aquatic 1 2c 
(Gendron & Wilson, 2007) grassland 1 1k 
(Lamb, 2008) grassland 1 13 
(Patrick et al. 2008) grassland 1 1c 
(Crossetti et al. 2008) aquatic 3 (3 independent phases of data 
collection) 
n.s. 
(Ostertag et al. 2008) forest 1 2a 
(Hautier et al. 2009) grassland 1 2a 
(Li et al., 2009) grassland 1 1a 
(Wacker et al. 2009) grassland 1 4 
(Liess et al., 2009) aquatic 1 2c 
(Tanentzap & Bazely, 2009) grassland 1 2d 
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(Cardinale et al., 2009) aquatic 1 12 
(Becker et al., 2010) aquatic 10 (10 independent combina-
tions of nutrients) 
n.s. 
(Ren et al., 2010) grassland 1 1f 
(Mattingly et al. 2010) grassland 1 3a 
(Longhi & Beisner, 2010) aquatic 1 n.s. 
(Clark & Tilman, 2010) grassland 1 1b 
(Singh & Shukla, 2011) grassland 1 2a 
(Dickson & Foster, 2011) grassland 1 6 
(Mette et al. 2011) aquatic 1 2c 
(Li et al. 2011) grassland 1 2a 
(Liira et al., 2012) grassland 4 (4 functional groups or mix-
ture) 
1a 
(Jarchow & Liebman, 2012) grassland 1 4 
(Gazol et al., 2013) grassland 1 10 
(Xenopoulos & Frost, 2003) aquatic 4  (this is NutNet data, split into 
4 regions and means are taken 
in those separately) 
2a 
(MacDougall et al., 2014) grassland 4 (4 independent combinations 
of nutrients) 
n.s. 
(Tang et al., 2014)  grassland 2 (nonclonal and mixture experi-
ments) 
1a 
(Dickson et al. 2014) grassland 1 (these 40 NutNet sites are 
considered as replicates) 
1a 
(Borer et al., 2014) grassland 1 1i 
(Tang et al., 2014) grassland 1 1a 
(Gooden & French, 2015) wetland 1 1g 
(Petersen & Isselstein, 2015) grassland 1 1h 
(Harpole & et. al., 2016) grassland 1  (these 45 NutNet sites are 
considered as replicates) 
9 
(Roscher, et al. 2016) grassland 1 3a 
(Siebenkäs & Roscher, 2016) grassland 1 3a 
(Han & Cui, 2016) aquatic 1 n.s. 
(Fessel et al. 2016) grassland 1 7 
(Siebenkaes et al. 2016) grassland 1 3a 
(Sun et al. 2016) grassland 1 1a 
(Grace et al., 2016) grassland 1 8 
(Harpole et al., 2017) grassland same as Harpole et al. 2016 9 
(Ward et al. 2017) grassland 1 1m 
(DeMalach et al., 2016) grassland 2 (hill and valley) 15 
(DeMalach et al., 2017) grassland same as Harpole et al. 2016 11 
(Weilhoefer et al. 2017) wetland 1 1a 
(Gross & Mittelbach, 2017) grassland 2 (clonal and mixed treatments) 1a 
(Ren et al., 2017) grassland 1 1a 
(Siebenkäs et al. 2017) grassland 1 3a 
123 independent studies 
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Table S5.2: Additional variables considered relevant for this system in the literature 
Type of variable Variable N° Studies  Hypothesis ID 
Other treatments 
Grazing 2 1i, 2c 
Seed addition 3 1b, 1d, 2d 
Disturbance of the soil 2 3b, 14 
Cover reduction 5 1d, 1h, 1k, 2f 
Litter presence/removal 7 1b, 1c, 1h, 1k, 9, 11, 13 
Environmental 
Soil depth 1 1l 
pH 1 1m 
Habitat complexity 1 2e 
Habitat type 1 15 
Salinity 1 14 
Flooding 1 14 




ity 1 1n 
Spatial Heterogeneity 
(nutrients) 2 1d, 10 
Number of added re-
sources (nutrients) 3 1f, 9, 11 
Competition 
Presence of neighboring 
plants 1 1e 
Invasion (competition 
with invasive species) 1 1g 
Competitive effect (func-
tion of biomass) 1 15 
Plant cover 1 7 
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Table S5.3: Tally of interactions of hypothesis number 12 (Cardinale et al. 2009 – highlighted cells) reported in all other papers. RD: Raw Data 
required  
AU 












(Tilman, 1987)  Means (no errors shown) 4     RD RD   
(Wilson & Tilman, 
1991)  Regression coefficients 1     RD 1   
(Tilman, 1993)  Means and errors, re-
gression coefficients 4     4 4   
(Huber, 1994) Means and errors  1   RD RD 1 1 
(Chapin et al., 
1995) Means and errors 2   2 2 2 2 
(Tilman et al. 1996) 
Means and errors 2 2         
(Kleijn & Van Der 
Voort, 1997)  Regression coefficients 1     1 1   
(Grace & Pugesek, 
1997) SEM coefficients 1   1 1 1   
(Foster & Gross, 
1998) Means and errors 1     1 1   
(Unrein & Vinocur, 
1999) 
Non causal correlation 
coeffs 1   RD RD RD RD 
(Eek & Zobel, 
1997) None 1   RD RD RD RD 
(Stevens & Carson, 
2001) None 1 RD     RD RD 
(Gough et al. 2002) 
Means and errors 1   1 1 1 1 
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(McEachern et al. 
2002) 
Non causal, Means and 
errors  10   RD RD RD RD 
(Rajaniemi, 2002)  Means and errors 1   1 1 1 1 
(Murphy et al., 
2003) Means and errors 4   4 4 4 4 
(Fridley, 2003) Means and error 1 1     1 1 
(Baer et al. 2003) Means and errors 1     1 1   
(Chiarucci et al. 
2004) Data points  1     RD RD   
(Bymers et al. , 
2005) Non causal correlations 1   RD RD RD RD 
(Spehn et al., 
2005) Means and errors 8 8         
(Gross et al., 2005) Means and errors 1     1 1   
(Klanderud & Tot-
land, 2005) 
Means and errors, re-
gression coefficients 1     1 1   
(Eriksson, et al.  
2006) Means and errors 1   1 1 1 1 
(Stevens et al. 
2006) Means and errors 1     1 1   
(Barnett & Beisner, 
2007) Non causal correlations 1   RD RD RD RD 
(Liess & Kahlert, 
2007) Means and errors 1   1 1 1 1 
(Gendron & Wil-
son, 2007) Means and errors 1     1 1   
(Lamb, 2008) SEM coefficients 1   1 1 1 1 
(DeMalach et al., 
2016) 
Raw data in supplemen-
tary material  2     RD RD   
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(Crossetti et al. 
2008) Non causal correlations 3   RD RD     
(Ostertag, et al.  
2008) 
Means and errors, corre-
lation coefficients 1   1 1 1 1 
(Hautier et al. 
2009) Means and errors 1   1 1 1 1 
(Li et al., 2009) Means and errors 1     1 1   
(Wacker et al. 
2009) None 1 RD     RD   
(Tanentzap & Ba-
zely, 2009) Means and errors  1   1 1 RD RD 
(Cardinale et al., 
2009)  SEM coefficients  1 1 RD RD RD RD 
(Becker et al., 
2010) Non causal correlations  1   RD RD RD RD 
(Ren et al., 2010) Means and errors 10     10 10   
(Patrick et al. 
2008) Means and errors 1     1 1   
(Longhi & Beisner, 
2010) Non causal correlations 1   RD RD RD RD 
(Clark & Tilman, 
2010) Means and errors  1     1 1   
(Singh & Shukla, 
2011) Means and errors 1   1 1 1 1 
(Dickson & Foster, 
2011) Means and errors 1   1 1 1 1 
(Mette et al. 2011) 
Means and errors 1   1 1 1 1 
(Li et al. 2011) 
Means and errors 1   1 1 1 1 
(Liira et al., 2012) Means and errors  1     1 1   
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(Jarchow & Lieb-
man, 2012) Means and errors 4 4     4   
(Gazol et al., 2013) Means and errors, re-
gression coefficients 1   1 1 1   
(Xenopoulos & 
Frost, 2003) None 1   RD RD RD RD 
(MacDougall et al., 
2014) Non causal correlations 4   RD RD     
(Tang et al., 2014)  Means and errors 4     4 4   
(Dickson et al. 
2014) Means and errors 2     2 2   
(Borer et al., 2014) Means and errors 1     1 1   
(Tang et al., 2014) None 1     RD RD   
(Gooden & French, 
2015) Means and errors 1     RD 1   
(Mattingly, Swedo, 
& Reynolds, 2010) Means and errors 1 1     1 1 
(Petersen & Is-
selstein, 2015) Means and errors 1 1   1 1   
(S. Harpole & et. 
al., 2016) Means and errors 1           
(Roscher, et al. 
2016) Means and errors 1 1     RD RD 
(Siebenkäs & 
Roscher, 2016) Only significances shown 1 RD     RD RD 
(Han & Cui, 2016) Non causal correlations 1   RD RD RD RD 
(Fessel et al. 2016) SEM coefficients 1     1   1 
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(Siebenkaes et al. 
2016) Means and errors 1 1     1 1 
(Sun et al. 2016) Means and errors 1     1 1   
(Grace et al., 2016) 
SEM regression coeffi-
cients 1   1   1   
(Ward et al. 2017) Means and errors  1     1 1   
(DeMalach et al., 
2017) Standarized coefficients 1   1       
(Liess et al., 2009) 
Means and errors 1   1 1 1 1 
(Harpole et al., 
2017) idem Harpole et al. 2016             
(Weilhoefer et al. 
2017) Means and errors 1     1 1   
(Gross & Mittel-
bach, 2017) Means and errors  2     2 2   
(Ren et al., 2017) Means and errors 1     1 1   
(Siebenkäs et al. 
2017) None 1 RD     RD RD 
  Total effect sizes + RD 24 36 82 89 38 
    Total effect sizes  20 23 61 70 23 
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Appendix 4: Figures  
Fig S5.1: List of 34 hypotheses identified from the literature, grouped by compatibil-
ity of causality between variables of interest.  
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2) Compatible hypotheses with nutrient and light as effect variables 
 
3) Compatible hypotheses with nutrient, diversity and light as effect variables 
 
2a) 2b) 2c)
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Fig. S5.2: Full Social Network Analysis plot. Authors with 1, 2 and 3 hypotheses are 
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6. General Discussion 
6.1 Overview 
In this thesis, I explored ways of integrating data and perspectives in global 
change sciences. Studying diversity as an emergent property of a group of elements, 
can advance knowledge on how systems work holistically. Some of the main elements 
to research in socio-ecological systems under global change are people’s understand-
ings, data and hypotheses. 
Research synthesis across disciplines is required to advance knowledge on how 
socio-ecological systems work, yet their complexity and the heterogeneity in data 
available make this task challenging. There are also different levels of integration (local 
to global) and feedbacks between variables that need to be taken into account. Fur-
thermore, knowledge in science does not advance necessarily in a directional way; 
multiple hypotheses, sometimes complementary and other times contradictory, are 
continuously being proposed and tested. Communication, collaboration and synthesis 
efforts are required to organize this diversity of information. 
Land use changes, among them nutrient inputs through fertilization, are some 
of the global-change drivers that are the most detrimental to biodiversity and the long 
term sustainability of ecosystem services (Kennedy et al., 2019). Yet we continue to 
change the land in order to increase land productivity, supposedly with the goal of 
increasing well-being, in particular to improve people’s nutritional status and alleviate 
poverty. However, we do not always reach our goals; some interventions are more 
successful than others and effects on biodiversity, people and productivity may be 
context-dependent. The interactions between all components of this system have 
never been studied together at large scale, even though results from such analysis 
would be useful for ecosystem management. Furthermore, there may be a close con-
nection between the way we treat the land, the level of biodiversity that we support 
and our understanding of how ecosystems work, or even more specifically about what 
biodiversity is. Ultimately, these are plausible connections that I aimed to examine 
using quantitative and qualitative approaches. 
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6.2 Outcomes 
A summary of the main outcomes of the thesis can be found in table 6.1. In the 
first chapter of the thesis, I developed a conceptual framework that stands on previ-
ous learning theories, on how people’s understandings of biodiversity may develop, 
in relation with their understanding of diversity. Using this approach, everyday expe-
riences such as playing, cooking, transport, housing, interpersonal relations would all 
contribute to people’s views on biodiversity. This kind of approach has not been taken 
into account in the biodiversity literature up to now, a research gap that became evi-
dent through the review of literature. Most research up to now in biodiversity educa-
tion has focused on translating data and research to untrained audiences, but few 
have focused on the sources of influence that may be contributing to education, par-
ticularly in early experiences (Brewer, 2006).Through the applied examples (children 
games and food-related activities) that I viewed under the light of this conceptual 
framework, new sources of misconceptions could be identified: in the case of children 
games, the language and lack of variability used in classification puzzles; in the case of 
food-related activities, the lack of capacity to track biodiversity in our diets. Moreover, 
this chapter was done in collaboration with many authors from diverse disciplines 
such as ecology, ethics and human geography, so it is an integration of current per-
spectives of this group on the matter. 
In the second chapter, I used a network of variables from a socio-ecological 
complex system inspired in the conceptual frameworks developed for large-scale sci-
ence-policy programs, such as the Millennium Ecosystem Assessment. Through litera-
ture research, I selected and defined land-use change, productivity, biodiversity, and 
nutritional status as variables of interest and performed a review for each pairwise 
interaction, in the absence of studies reporting the four of them. For each interaction, 
I could suggest new working hypotheses, research gaps, and general patterns of ef-
fects. Results show detrimental aspects of land-use change or intensification, not only 
on biodiversity, as well documented in the literature, but also in productivity in the 
long term. These result support a large body of literature on land-use impacts, but also 
add a level of importance to establishing links with other aspects of the interaction 
among ecosystems and people. Although fewer studies were found that could be used 
for analyzing the relation with human nutritional status, the ones used showed a 
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positive impact of increasing biodiversity and productivity, at least at local scales. 
When described qualitatively using more studies, their results were not conclusive and 
this was mainly due to reporting issues and lack of standardized experimental designs, 
which are complicated for social studies (Berti et al., 2004). 
In the third chapter, I analyzed a narrower system of interactions, between 
only one type of land-use change (nutrient addition/fertilization), biodiversity, 
productivity, and competition for resources in plants. A timeless debate puts emphasis 
on disentangling the strength of the mechanisms determining biodiversity and 
productivity in plant communities (Fay et al., 2015; Harpole et al., 2016). The main 
outcome of my review was a summary of all hypotheses tested in the literature for 
this system, on the top of which are the five most tested ones (each with less than ten 
tests in the literature, except for the least complex one – nutrient addition – which 
had around 30 tests). To arrive at this list, I looked into the statistics of each paper, by 
developing a method that could be thought of as backward inference. I suggest that 
this method could be useful in other research areas where there is a current need for 
synthesizing hypotheses, such as ecosystem multifunctionality. This method differs 
from previous ones used in the literature in that usually reviews are based on the in-
tended hypotheses from original studies, not the ones actually tested through statis-
tics. The results from this chapter support ongoing research that aims at reproducibil-
ity and neglected ecosystems (Costanza et al., 2007; Flombaum & Sala, 2008; Roscher 
et al., 2013). Results suggest that alternative, more ambitious experiments that aim 
to better represent the complexity of natural systems (e.g., by including more factors 
and manipulations), coupled with more advanced statistical techniques, such as net-
work analyses and structural equation modeling, could be of aid in determining the 
mechanisms underlying observed outcomes (Cheung, 2015; Grace et al., 2014; Grace 
& Pugesek, 1997). 
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How does the concept of 
biodiversity can develop 
in people's minds? 
A review of the literature showed relevant studies on 
how biodiversity can be taught at school but few on 
how other activities or types of explorations shape this 
understanding.   
I developed a conceptual framework with foundation 
in constructivist learning theory where understanding 
of biodiversity starts its development before formal 
education in natural sciences, during early explora-
tions. In this period of learning misconceptions could 
be formed.   
What are the factors that 
affect our understanding 
of the concept of biodi-
versity? 
Early explorations and general everyday activities, 
even when outside formal education, could affect our 
understanding of what biodiversity is and its relevance 
for ecosystem functioning. Other possible influences 
are for example, cultural aspects, family and social 
bonds and economic status.   
What do researchers and 
lecturers from both so-
cial and natural sciences 
think about how people's 
understanding of biodi-
versity develops? 
I integrated the perspectives of 16 researchers from 
ecology, geography, human geography, ethics and ed-
ucation. They all agree in that further practical re-
search into the influence of everyday experiences on 
the way we understand biodiversity is needed and 
timely. This research would need a transdisciplinary 
approach, working closely with, for example, children 
game developers, practitioners and farmers.     
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What is the strength of 
the interactions between 
multiple components of 
the global change system 




A meta-analysis between the components of this system 
showed a large negative effect of land use on biodiversity, a 
moderate negative effect on productivity and a large positive ef-
fect on nutritional status of the population (provided that biodi-
versity and productivity increased with the land use). A meta-
analysis between biodiversity and productivity showed a large 
positive effect of biodiversity on productivity, for plant commu-
nities where mixtures were manipulated.  
 
Can this strength be 
quantified using pub-
lished studies from di-
verse sources? 
The strength of some but not all interactions (the ones described 
above) could be quantified with a meta-analysis using infor-
mation in published studies. This approach was not useful with 
effects that have not been repeatedly tested in similar experi-
mental designs, be it because of heterogeneity of approaches or 
due to research gaps. Where descriptive reviews were used, 
conclusions were mixed, in both direction and strength.  
What are the advantages 
and challenges of per-
forming systemic anal-
yses with multiple com-
ponents and inter-disci-
plinary? 
An interdisciplinary approach allowed us to analyze systems ho-
listically, potentially in similar ways to how systems work in na-
ture. In the system used in this chapters, studies from ecology, 
geography and econometrics were integrated in one network of 
variables. Usually hidden patterns, such as the effects of land 
use management decisions by owners on biodiversity levels 
through productivity could be explored with this system.  
  
The main challenge to integration was the large heterogeneity 
between hypotheses, experimental designs and ways of report-
ing. Added to the natural complexity of the multifaceted com-
ponents of global change, this reduces the number of individual 
studies that can be used in comparative studies or synthesis. The 
recommendation to overcome this challenge would be not to 
suppress this heterogeneity but for the scientific community to 
agree in standard reporting practices and measurements that 
must always be published together with their preferred way. 
Maybe carrying more question specific conferences, instead of 
discipline specific conferences, would provide spaces for these 
discussions to develop.  
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Overall, within this thesis I achieved a deeper level of understanding of the 
heterogeneity between studies in biodiversity and global change sciences, particularly 
 








What are the most tested 
hypotheses on competi-
tion for nutrition and 
light related to biodiver-
sity and productivity in 
plant communities? 
By looking at the statistical analyses of published pa-
pers, we derived 34 groups of compatible hypotheses 
that had been proposed and tested using at least the 
four main variables of interest in this study: light, nu-
trients, biodiversity and productivity. From this, only 
five had been tested more than once in the literature 
(ranging from 2 to 38 times)  
What is the difference 
between them? 
The hypotheses tested differed in the level of complex-
ity, which in turn translated to different experimental 
designs and statistics used in their analysis. The sim-
plest hypotheses used one variable as effect and meas-
ured responses in all others, assuming direct (most of 
the time linear) effects. For example, the most tested 
one which is the use of nitrogen addition in plant plots 
and the measurement of biomass amount, light pene-
tration and biodiversity changes in time. increasing 
level of complexity was shown by analyzing indirect ef-
fects aswell. Experimentally, the maximum amount of 
manipulated variables was 3 (light, using mirrors, bio-
diversity, modifying number of species present in mix-
tures and productivity by pruning the plants). More 
complex hypotheses used path coefficient analyses, 
over datasets where values for all components were 
taken with individual simple experimental designs.  
Is it possible to find out 
which of the internal 
mechanisms of determi-
nation of the plant com-
munity structure is 
stronger? 
With the available published data it was not possible 
to determine the strength of the underlying mecha-
nisms in this system. The recommendation is for each 
of the hypotheses to be tested repeatedly with stand-
ard designs as replicates or for existing trustworthy big 
datasets to be tested under several of the hypotheses 
simultaneously to find the better fit.  
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for land-use change and biodiversity studies, and hope to have advanced research by 
providing some fundamental seeds for future studies in research synthesis. 
 
6.3 Challenges 
The main challenge for data integration was to find suitable data reported ac-
cording to requirements for meta-analysis. A great part of studies found could not be 
used due to reporting issues such as lack of error reporting or problems with data 
sharing. Moreover, particularly within ecology and earth sciences, dealing with the 
heterogeneity of measures, experimental design and statistics is a challenge. For ex-
ample, in the last chapter, it became evident that there is a lack of consensus in the 
scientific community. The lack of standard definitions, experimental designs, and 
measurements for key variables such as land-use intensity of management hindered 
the possibility of using more data and reaching more detailed conclusions besides gen-
eral patterns. With regard to social aspects dealt with in this thesis, namely biodiver-
sity understanding and nutritional status of populations following land use interven-
tions, the recurrent challenge was to find quantitative data besides good theoretical 
conceptual maps and descriptive reports.  
 
6.4 Next steps 
Regarding biodiversity understanding, I hope to have inspired more experimental 
research and observational studies on how everyday activities affect our understand-
ing (and miss-understandings) of biodiversity, across cultures. One example would be 
to test/observe whether traditional and alternative games for children actually alter 
their understanding of biodiversity. As for quantitative data synthesis, I would like to 
work further on redesigning the literature search protocol based on previous findings, 
so as to achieve a less heterogeneous database that can be used for more specific, 
local-scales questions. For the research community, the goal would be to encourage 
more research across disciplines and with multiple variables (e.g., with social, natural, 
and earth science aspects), even if it would be observational, so as to have a better 
idea on the dynamics of global-change systems. Furthermore, I would like to work 
further on the effects of performing meta-analysis with studies with diverse or similar 
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hypotheses, to test the backwards inference method further. All chapters will be sub-
mitted for publication in peer-reviewed journals and data will be found in public online 
repositories. 
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7. Science outreach report 
In the three chapters of my thesis, I worked on how integrate perspectives, data 
and hypotheses on how global change drivers interact with biodiversity. To perform 
this integration, I used literature from different disciplines from natural and social sci-
ences,  which was possible with further education in these disciplines and by estab-
lishing collaborations with other researchers. Part of this further training was in sci-
ence communication, policy-making and education, through which I developed a 
deeper understanding of current societal challenges in urban ecology, agro-ecology 
and sustainable development, largely related to the way we use the land and we man-
age biodiversity – the main topics of my thesis. This connection with my thesis re-
search prompt me to actively participate in a number of science outreach projects by 
the University of Zurich (Biodiversity Means Life, Science Lab UZH, Global Science Film 
Festival), to be member of the Sustainability Committee of the Faculty of Science, and 
was involved in variety of local and national programs (e.g., myClimate, St.Gallen Lead-
ers of Tomorrow, Climathon, IUCN, WWF). Through these science outreach projects I 
found ways to give meaning to my research also outside academia. They also encour-
aged me to rethink my research from different angles and understand diverse per-
spectives. Engaging in science outreach was very rewarding and gave me a sense of 
connection with the community of Zurich. In this section of the thesis, I summarize 
the key experiences of the collaborations done in the framework of the University of 
Zurich. 
 
7.1 Biodiversity Means Life (BML)  
Supervisor: Dr. Morana Mihaljević 
BML is a science outreach project of the University of Zurich that provides a plat-
form for conversations between researchers and the general audience. Though the 
BML researchers have an opportunity to discuss their research with the general public. 
To do that more effectively BML offers training for doctoral students and researchers 
in science communication and assisting in the development of activities that translate 
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academic research into informal science education. Within this project, I developed 
two activities that relate mostly to my chapters 1 and 2: 
 
a) Naturalness levels of the landscape: In chapter 1, I addressed the topic of how 
people may perceive and understand biodiversity in different ways, according to 
their upbringings, education and everyday experiences. One way in which we 
interact we biodiversity directly is by being outdoors in nature. I asked myself: how 
do different people perceive the biodiversity in the landscape, by its level of 
human intervention (as being natural or artificial)?  
To bring attention to the topic of ecological naturalness, I wrote a story for general 
public in which I describe the different elements of landscapes and what is usually 
considered as different degrees of human intervention (Appendix O, 7.3.1a). To 
engage in discussions with visitors of the BML tent, I made a slide show of pictures 
showing landscapes with different degrees of human intervention (e.g., Figure 
7.1). I would show the pictures to interested people from the audience and ask 
them series of questions, for example: Is this a natural landscape for you? How 
would you feel in this landscape? What landscape looks more pleasant to you? 
Which elements of this landscape denote humans have modify it? How much of 
the land you think should be left without intervention? 
I used the story and the slide-show as tools to help raise awareness of the level of 
modification of land use change and the elements of the landscape that we have 
come to naturalize, perhaps because they are aesthetically pleasant (e.g., straight 
shore rivers, introduced tree species such as palms, vineyards).  
 
Fig. 7.1: Nature vs. artificial slideshow (example of images) 
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Outcome: This activity worked particularly well among young adults and adults, 
who took a moment to reflect on their views on nature and their relationship with 
it. Are the Swiss Alps natural? Is it “wrong” to modify nature for our well-being? 
How much of the land should be left untouched by humans and why? These are 
some of the recurrent topics during the interplay. 
 
b) Biodiversity in land use changes: In chapter 2, I perform a literature and data 
integration on how modifying the land has an impact on reducing the number of 
species, and at the same time how this has an impact on productivity and human 
health. To raise awareness on this issue and empower people to contribute with 
solutions on species conservation, I developed a story for general audience on the 
type of insects that play different roles in agriculture and the importance of 
preserving them in their own urban or semi-urban landscapes (Appendix 7.3.1b). 
To interact with the audience, I have developed an insect hotel game (Figure 7.2). 
Insect hotels have been suggested to be effective tools for environmental 
education (Agarie et al., 2015; Griffiths & Voigt, 2014; Vacha & Petr, 2018). I have 
modified a traditional insect hotel to fit the habitat requirements of a diversity of 
insects, such as pollinators and insect predators: native solitary bees, hoverflies, 
green lacewings, ladybirds and beetles. The selection of species to use was based 
on personal experience and literature (Griffiths & Voigt, 2014). The audience 
would have to match insects with their respective habitat requirements using a 
series of clues. To complement the game, I provided information on the life cycle 
of insects and instruction on how to build your own insect hotel and a home 
garden with native plants (sometimes we would provide seed bombs to that end).  
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Fig. 7.2: Insect hotel game, for native bees, ladybugs, hoverflies, green lacewings 
and beetles. Clues: 1) native bees look nest in cylindrical tubes, 2) ladybirds overwin-
ter in dark, quiet spaces, 3) hoverflies with rest in straws, 4) green lacewings are at-
tracted to smooth, warm surfaces, 5) ground beetles rest on piles of wood or detritus. 
Sources: (Domoney, 2019; Gredler, 1999). 
 
Outcome: This activity was particularly suitable for children and teens, who felt chal-
lenged by the game and learnt about diversity outside the typical pollinators (bees, 
butterflies). Following up questions would be related to how to build nests for native 
bees and other insects or how to fix existing ones that were not working (more often 
than not probably based on the humidity or sun exposure of where they were lo-
cated). 
 
7.2 Projects with the Sustainability Committee of the Faculty of Science 
(MNF)  
Supervisors: Sara Petchey, Dr. Morana Mihaljević 
The Sustainability Committee of the Faculty of Science provides financial help 
and mentoring for developing projects that enhance the sustainability of the Campus 
Irchel in one or more of three dimensions: social, economic and environmental.  
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Irchel Nature Trail  
The Irchel Nature Trail is an educational trail with 20 knowledge stations about 
biodiversity though the UZH Campus Irchel (Figure 7.3). The trail was developed 
though collaboration of faculty staff members, students and postdocs (Figure 7.4). The 
aim of the trail is to make visible the nature in urban and semi-urban spaces and en-
courage communication between the university and the neighbours/park visitors. The 
20 knowledge stations cover variety of topics from birds and bees to mountain ecology 
and biological interactions. The topics were chosen with aim of showcasing the biodi-
versity taxonomic groups and habitats at the campus and research focuses of the UZH 
scientists. The resulting topics were: 1 - Litter (Ecology), 2 - Birds (Species), 3 - Wet-
lands (Ecosystems), 4 - Microorganisms (Species), 5 - Bees (Species), 6 - Amphibians 
(Species), 7- Tree communication (Processes), 8 - Decomposition (Processes), 9 - Ge-
ology of the area (Geology), 10- History of the Campus (Institutional), 11- Dragon- and 
Damselflies (Species), 12- Forests (Ecosystems), 13- Rivers (Ecosystems), 14 - Mam-
mals (Species), 15- Experimental Gardens (Research), 16 - Mountain Ecology (Ecology), 
17- Inter-specific Interactions (Processes), 18 - Nature Games (Interactive), 19 - But-
terflies (Species) and 20 - Green Cities (Ecology).  
My contribution was as team coordinator, idea and content development, in 
particular for boards 1, 2, 3, 5, 6, 7, 8, 12, 15, 16, 18 and 20. Each knowledge station 
has a combination of features that provide a) core information scientific information, 
available in English and German, with supporting images, b) a map so the visitors can 
always know their location and location of other knowledge stations and c) a special 
feature which can be a key word, a quiz or an activity (Figure 7.5). Especially important 
is that each board is connected through a QR code to a website with more information 
about the topic, written by researchers from the university based on their research.  
Of special interest to me was designing schemes based on published research on wet-
lands, mountain ecology and urban ecology, for them to be self-explanatory but still 
complex enough that educators using the trail in the future would be able to develop 
their own stories based on aspects that they may want to put more emphasis on (Ap-
pendix 7.3).  
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Fig. 7.3: Irchel Nature Trail map.   
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Fig. 7.4: Collaborators for Irchel Nature Trail building. Upper row, from left to right: 
Dr. Jobran Chabran, Dr. Mollie Chapman, Gwyneth Halstead-Nussloch, Dr. Reiko Aki-
yama; Lower row, from left to right: Vanessa Weber de Melo, Alizée Le Moigne, Dr. 




Fig. 7.5: Example board with key elements. 1) Title (short, appealing), 2) Main sec-
tion (as visual as possible, includes short texts, and uncommon topics – e.g., in this 
board the inclusion of moths as valuable biodiversity, and not only butterflies which 
people are more familiar with), 3) Glossary section (brief definition of complex terms 
used in the introduction or main text), 4) Map of the trail (designed to highlight the 
main points of interest in the campus and aid in location), 5) Social media (to encour-
age interaction), 6) Quiz section (questions with defined answer, or open, as it is in 
this case, to stimulate thinking and active learning – as opposed to passive), 7) QR 
code (link to more information and novel research produced at the university), 8) In-
troduction (short but with content, should invite audience to continue reading), 9) 
Icon (designed for easy identification of topics), 10) Logo (branding of the project as 
independent but part of the university of Zurich), 11) Topic image (clear image that 
represents the topic). Design: Designers’ Club (private, external company), in collab-
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Outcome: The trail was opened on the International Day of Biologic Diversity (22 May 
2019) and it is set to last for at least 5 years. Over 100 people attended the opening 
day and every day hundreds of people cross the campus which potentially interact 
with it. Responses to the trail from the community have been in the majority positive, 
citing it as a nice activity to do with family and a source of information. 
 
Irchel Clean-up Day 
 The Irchel Clean-up Day was a spin-off from the Irchel Nature Trail, particularly 
from the exploration done to obtain information and pictures for board number 1 
(about litter). During this exploration, I collected trash during 1 hour from the Irchel 
Park, in September 2018, with the help of Cornelia Carnal, the IT manager of the de-
partment who volunteered. We found a significant amount of cigarette butts (near 
400), plastic packaging and bottle caps outside of the correspondent trash cans. At the 
same time, we caught the attention of visitors of the park who got curious on what 
we were doing and how they could see the results of the search. This prompt us to 
develop an educational project to promote avoiding littering and teach about the con-
sequences for nature and human health of litter in green urban spaces. We applied 
for funding from the Sustainability Committee and coordinated a team of 15 volunteer 
students, and 80 part-time volunteers from the community of Zurich to clean the park 
in August 2019 (9-16 hs). We received additional assistance from the management 
team of the university, in order to dispose the collected trash.  
 
Trans-disciplinary collaboration with businesses, NGOs and the city  
We contacted local business around the park that could be related with sus-
tainability or sustainable projects (e.g., zero waste shops, bio-cafes, recycling compa-
nies, organic fruit dealers) and asked them if they would be willing to sponsor the 
Irchel Clean-up day with prizes for participants. We had a positive response; five busi-
nesses contributed to finance prizes, for a value of approximately CHF 1000 in total, 
and two NGOs supported the cause, from which one sent representatives to do out-
reach on site on the effects of litter in wild animals (see Fig 7.6 for logos at the bottom 
of the advertisement poster). A local entrepreneur supplied us with 80 portable ash-
trays as give-aways, we had merchandizing from the University of Zurich and we 
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purchased refreshments from a local, organic apples farmer. We collaborated with a 
master student from the University of Zurich, who was doing her thesis on the psy-
chology of littering, and presented her thesis design and progress to the community. 
From the city of Zurich, we received a parliamentarian from the Canton of Zurich, who 
distinguished the effort of the community with a certificate of appreciation.    
 
 
Fig 7.6: Poster for the Irchel Clean-up day. I based the structure and the design on 
the ones professionally done for the Irchel Nature Trail, with the aim of stablishing a 
branding for future efforts related to sustainability in the park. 
 
 
IrchelPark Clean-up Day 
Samstag 14/09 
(10 - 19 Uhr)
Saturday 14th Sept., 10-19 hs  
Treffpunkt am 
Milchbuck Haltstestelle
Meeting at Milchbuck tramstop
Swiss National Clean-up Day
               
Aufräum-Aktion und Recycling 
Fachgespräch um Stadtökologie 




Für alle Nachbarn und Besucher des IrchelParks und Campus Irchel
For all neighbors and visitors of the Irchel park and campus 
www.tinyurl.com/irchelcleanupday
Litter collection and recycling
Expert talks on Urban Ecology




Mehr info:     www.irchelnaturetrail.uzh.ch
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Fig 7.7: Poster on the effects of cigarette-butts in the environment and health. The 
design concept was to include visual elements that can quickly be interpreted by a 
general audience, in an interactive way (game). 
 
Litter collection  
 
Table 7.1 shows the amount per type of collected trash. The predominant trash, as 
expected, were cigarette butts. Although we originally planned to establish a map of 
the zones of the park with higher incidence of littering, it was not possible to do so 
because volunteers did not stay in delimitated areas, hence the collected trash could 
not be normalized by the effort per number of volunteers (to improve in future 
efforts). Most of the cigarettes, plastic and bottles were found near the most transited 
areas of the lower trail and lake, but a large amount of what seemed “old litter” 
Zigarettenstummel
Sinnlos für Sie
Schlecht für die Umwelt
Rund 600 verschiedene Inhaltsstoffe und beim Anzünden entstehen mehr als 7’000 Chemikalien
Good to know
• Zigarettenfilter tun dir und 
deiner Gesundheit nichts Gutes
• Aber wenn sie im Boden 
sind, verunreinigen sie die 
Erde und das Wasser.
• Zigarettenstummel sind Abfall, 
wie z.B. PET-Flaschen oder
andere Abfälle.
• Wir alle können eine sauberere
Stadt und eine gesündere Welt 
für alle machen.
Was sind die Inhaltsstoffe?
Aber Zigarettenfilter schützen mich!
Filter blockieren nicht alle schlechten Chemikalien im Rauch aber
gefilterten Rauch fühlt sich in der Kehle milder an, was zu längerem und 
tieferem Inhalieren führt.
Filter helfen nur, die grössten Teerpartikel abzufangen, kleinere
Teerpartikel können ungehindert tief in die Lunge eindringen.
Filter wurden entwickelt, um Zigaretten besser schmecken zu lassen und 
sicherer zu erscheinen!
Eigentlich…. Nein!
Es ist eine Lüge
Karzinogene: ca. 70 



















Welcher ist der plastische Schadstoff Nummer 1?
Antwort: Zigarettenstummel
(Quelle:nbc.news) 
Zigarettenstummel kontaminieren Böden und 
Wasser, die Sanierung kostet sehr viel Geld.
1 Zigarettenstummel
verunreinigt
7.5 lt. Wasser in 1 Stunde
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(degraded) was stuck in less accessible areas (in between dense vegetation), probably 
spread by wind and animals.   
 
Table 7.1: Litter collected at Irchel-Park (September 2019). Number of 
volunteers 80; average number of hours per person: 2 hs. 
 
Item Amount (in pieces) Destination 
Cigarette butts 3901 General waste 
Plastic packaging 1523 General waste 
Paper 1114 Recycled 
Alu 729 Recycled 
Metal 123 Recycled 
Glass 607 Recycled 
PET Bottles 72 Recycled 
Lost items 50 General waste 
 
Reception 
We sent evaluation forms to all volunteers that signed up, from which we received 15 
answers. Responses indicated that the event was valued by the community and 
considered timely. Constructive improvements were related to providing better 
services during the day, such as 
bathrooms and a cafeteria 
opened (given that it was done in 
a day when the university was 
closed). The community seemed 
engaged and enthusiastic and I 
recommend that this project 
would continue yearly (Fig. 7.8).  
Fig. 7.8: Educational activities and litter recycling at the BML tent 
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7.3 Appendix O (Outreach) 
 
7.3.1 Science stories for Biodiversity Means Life project 
a) Naturalness levels of the landscape 
b) Biodiversity in land use changes 
 
a) What is ecological naturalness in landscape?  
Humans have been modifying nature for centuries. As a result, beautiful places 
that we might consider “natural”, are actually the result of human interventions. Ob-
vious examples of man-made landscapes can be a farm, a city or gardens. But some-
times it is hard to realize when something is natural or artificial: for example, when a 
forest is native, grown for forestry or part of a restoration program. Of course, there 
are different levels of intervention, from landscapes that have been completely de-
signed and managed to those where only side effects of civilization have reached, usu-
ally called semi-natural. In fact, it is considered that no landscape has been left in its 
natural state, but all have different degrees of “naturalness”, which is the way we per-
ceive landscapes as being natural or man-made. Ecological naturalness, refers to the 
ecological aspects of our interventions in nature.    
There is nothing inherently wrong with artificial landscapes; they provide hu-
mans with a home, food, recreation, and everything we need to survive. However, as 
a landscape becomes more artificial, usually the least it can preserve the biotic inter-
actions, or keep resources clean in the long term. Therefore, it is certainly good to be 
able to identify them and not forget the goods that natural landscapes also represent 
for human wellbeing, biodiversity and ecosystem functions in general. Whenever pos-
sible, we should try to reduce our long-term impact in both, so as to allow for adapta-
tion and preserve resources.  Aborigine tribes in the past usually strived in achieving 
this, as they developed at the pace of natural processes, without major impacts in the 
environment.   
So how to identify human footprints in the landscape? For instance, we hu-
mans tend to create geometric structures: squared gardens with uniform edges and 
symmetrically placed flowers, straight rivers without meanders or slopes, and uniform 
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forests with little diversity of species. In order to build our farms and cities, we usually 
shift the course of rivers, the shape of lakes, the limits with the ocean (usually by filling 
wetlands with soil), we cut long grasses to keep them tidy and we bring water to de-
serted or cold areas to make them more productive. All the elements that we use for 
these activities denote a landscape that has been adapted to human needs. Lately, 
there are trends to preserve natural landscapes that represent the opposite to this 
traditional management but still constitute an intervention, for example green roofs 
in cities or letting native weeds grow in the borders of farms to protect local flora and 
fauna.   
Preserving landscapes as close to native as possible is tricky, as we flood the 
world with foreign elements (like plastic) and we modify large scale processes (like 
climate or nutrient flow). However, we can still appreciate close to natural landscapes 
in national parks, reserves and not-habited places. Biodiversity is usually a reliable el-
ement of natural landscapes, although attention has to be paid to whether species are 
native or introduced and this requires a bit of historical knowledge on local ecosys-
tems. Monitoring biodiversity in landscapes as an indicator of human impact is really 
important. Other hints of “naturalness” can be found in water, air and soil quality and 
in the periodicity of earth and climate processes, like volcano eruptions, floods from 
rivers rises, presence of all levels of food webs (from autotroph plants to top preda-
tors) and absence of non-biodegradable elements (like concrete or plastic). Eventu-
ally, when humans leave an area, nature takes back the wheel and drives ecosystems 
to a new state that in the distance future we could probably consider as “natural” 
again. 
 
b) Happy Insects, Happy Farms - Is there a space for nature in agriculture? 
Humanity has a large impact on Earth. Agriculture is one of the major drivers 
of negative impacts, second only to fossil fuels and mineral extraction. In some way, 
we could say society started with agriculture and still today is the backbone of our 
subsistence. The farm is a unique socio-ecological system; fishermen don’t live in the 
middle of the sea, but farmers mostly live in their farms. In that way, many worlds 
coexist and collide in the farm: producers, consumers, farm or domestic animals, crop 
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species, “weeds”, rodents, birds, water and nutrient cycles; the list is long. One of the 
main worlds in this system, are insects.    
 
What are insects? Insects are small arthropods of 6 legs, 3 defined body parts 
and an external skeleton; the one that makes a characteristic “pop” when we step 
over one of them. But that is almost all that insects have in common. For the rest, the 
900 thousand species of known insects, out of the between 2 and 30 million estimated 
to exist, are quite different.1 This wonderful diversity, the largest of all animal groups, 
is what makes any species that comes to our mind, a poor example to generalize on 
the rest. Insects can pollinate or be vectors of diseases, they can be predators or prey, 
they can be parasites or symbionts, they can be disgusting or beautiful, they can be 
eaten or kill you. While their role might differ, they are all relevant for ecosystem func-
tioning, directly or indirectly.   
In the farm, we can group insects as beneficial or harmful, according to their 
direct impact on agriculture; these are insects of economic importance. Beneficial in-
sects are mainly: 1) pollinators, that help plants reproduce, 2) predators and parasi-
toids, that help control pests, 3) scavengers and decomposers, that help to break 
down matter and 4) insects that produce economically valuable products, like honey 
or silk. Harmful insects (pests) are mainly: 1) herbivores, that eat crops, 2) insects with 
endo-parasitic larvae that develops inside fruits, and 3) disease vectors of plant, ani-
mal or human diseases. 
Indirect effects of insects in the farm are mainly related to the functioning of the eco-
system that the farm is embedded in, usually grasslands. Seemingly “neutral” insects 
still have a relevant role through their participation in resources cycles and food webs 
that keep the ecosystem stable and productive. Many of them can even be used as 
bio-indicators of environmental quality .  
Are they indestructible? Insects are relatively small and reproduce in high 
rates compared to other animals. Therefore, we might be tempted to think of their 
populations as being sort of indestructible. As if their resilience would allow them to 
always recover from environmental damage or to always find a new space to resettle. 
The fact that there is often some redundancy in their roles (e.g.: many species 
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pollinating one plant), can sometimes lead us to think that the non-natural extinction 
of a species will not be major in the overall ecosystem network.   
 
This is far from true. Insect populations are highly sensible to changes in their 
environment. For example, small temperature increases can modify the developmen-
tal time of parasitoids. When timing mismatches occur between the development of 
parasitoids and their host, pest control efficiency is reduced.2 Another example is the 
presence of insecticides aimed at reducing harmful insects like mosquitoes, that have 
shown a collateral effect on bumblebees even in low doses, hindering their colony 
growth.3 Recent studies have raised concerns of an alarming insect population decline 
worldwide, even in protected areas. This is not only a threat for nature but also for 
economy: conservative figures put the economic value of native insects’ work in the 
fields of the USA at $0.38 billion for dung burial, $3.07 billion for pollination and $4.49 
billion for pest control.4 Globally, this is of course a much larger figure.   
What are the threats and what can I do about it? The main threats for insects 
in agriculture are loss of habitat, climate change and contamination through chemi-
cals, like herbicides and pesticides. Habitats get lost when we eliminate the places 
where insects develop, reproduce and feed, like marshes, ponds, bushes and “weeds”, 
so as to increase arable and grazing land, which goes into intensive constant manage-
ment. Climate change is exacerbated by the destruction of carbon sinking sources (like 
forests), meat production and water contamination through runoff from the fields. 
Herbicides and pesticides kill adult insects or affect their development severely.   
Addressing these three sources of damage can seem daunting. However, it all 
starts at home. Small changes add up to a better quality of life for insect populations 
and a healthier production system overall. Providing hedges in farms, synching mow-
ing to insect developmental and reproduction times, synching pesticide application to 
daily insect rhythms to avoid their exposure, providing safe shelters for insects nearby 
farms, increasing landscape connectivity with corridors and urban ecology; these are 
feasible actions. Most importantly, acknowledging our impact and the existence of 
our little neighbors will help us make informed economic and political decisions. For 
instance, do you know where the different types of insects mentioned in this essay 
live? 
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At times, it may seem that we don’t have enough information to make deci-
sions. It is true; there is much we don’t know about the complex insect world. But this 
we know: it takes more time and money to repair a damaged ecosystem, than to pre-
vent its damage. This should be enough to apply a precautionary principle and provide 
a space in agriculture for insects to be happy. Many worlds coexist and collide in the 
farm. A healthy farm in the long term will only be possible if the scale inclines more 
on coexistence, than collision. 
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7.3.2 Schemes developed for the Irchel Nature Trail 
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